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Abstract

Human interaction with others requires the integration of sensory-motor and cognitive processes.
In social contexts, coordinating actions with a partner depends on mechanisms such as prediction
and adaptation, which are influenced by multisensory and motor information. To create unified
perceptual experiences and interact efficiently, the brain must integrate inputs from various sensory
modalities. Conversely, social perception and contextual factors also influence our sensorimotor
experience.

This thesis examines whether interpersonal motor interactions affect multisensory processing,
with a specific focus on the integration of visual and tactile stimuli, and motor control during or
after joint actions. It also explores how social variables, such as conversational contexts, shape
interpersonal representation processes after linguistic interaction. The findings discussed in the
present work highlight how dynamic social, linguistic and sensorimotor information modulate

perception and action, offering insights into the mechanisms that underpin human interactions.
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1

General Introduction

Everyday life requires executing movements, actions, and interactions with objects and other
individuals. To effectively engage with the environment, sensory-motor and cognitive systems are
involved. In social contexts, the ability to couple executed actions with those of a partner is
essential for achieving shared goals during coordination. Mechanisms such as prediction and
adaptation to others' movements and sensorimotor information play a key role in shaping social
behaviour alongside various social factors that may influence these interactions. Moreover, during
typical interpersonal interactions, information from multiple sensory modalities is often
simultaneously available. For efficient responses, multisensory integration processes are essential to
create a unified perceptual experience.

The present thesis investigates how individuals predict, process, and adapt to others’ behavior
during interpersonal motor interactions, focusing on the role of (low-level) multisensory processing
and integration of (higher-order) social variables in shaping sensorimotor processes. Specifically, it
explores how different types of interactions with a partner affect the processing of multisensory,
visuo-tactile, stimuli and motor control (Chapter 2), as well as interpersonal representations
(Chapter 3). The main objectives of the work described in the thesis are to: 1) Examine how
multisensory representations, particularly visual and tactile stimuli, are integrated and influenced
during joint action tasks (see 2.1), and how these processes are modulated after an interaction at
both behavioural and neurophysiological (i.e., electroencephalography, EEG) levels (see 2.2); 2)
Investigate how the temporal synchronicity between visuo-tactile information during motor
interactions influences multisensory processing and perceptual outcomes (see 2.3); as well as the
impact of individual differences such ethnicity (see 2.4), on sensorimotor and cognitive processes
during interpersonal interactions. 3) Explore the impact of linguistic interactions, including abstract
and concrete conversational contexts, on interpersonal representations (see 3.1 and 3.2.).

The first chapter provides an overview of the latest advancements in research on sensorimotor
body and space perception, interpersonal sensorimotor interactions, multisensory integration
processes and social dynamics. Following this introduction to the state of the art, the subsequent

chapters present behavioural and neurophysiological findings that contribute to a deeper



understanding of perceptual and cognitive mechanisms in social interactions. These findings
elucidate the role of interpersonal interactions in shaping multisensory integration, motor control
and social cognition, offering critical insights that will underpin future theoretical developments and

practical applications.

1.1. Perception and Action in Interpersonal Contexts

In our everyday lives, we are continually engaged in performing or observing actions that are
closely intertwined with our ability to perceive and interact with the world around us. This
interaction between motor processes and perception has deep roots in psychological and
neuroscientific theories. According to Sperry (1952), sensory and motor processes are integrated in
a continuous feedback loop that shapes our understanding and interactions with the environment,
laying the groundwork for later theories on motor-perception integration. This theoretical
framework suggests that action-based processes do not merely follow perception but actively
modulate it, influencing how sensory information is processed. Building on this, later studies
showed that motor intention could actively shape perception. For instance, Craighero et al. (1999)
demonstrated that preparing a grasping movement can influence the detection and discrimination of
visual stimuli. In their study, participants were asked to grasp a bar after being presented with a
visual stimulus that either matched or did not match the orientation of the bar. The results indicated
that movement preparation improved the detection of visual stimuli presented congruently with the
object's properties, showing how motor processes influence perception. Similarly, De’ Sperati and
Stucchi (1997) found that right- and left-handed participants used internal motor simulations of
their dominant hand's movement to differentiate between observed screwing and unscrewing
actions. In related studies, Gentilucci et al. (1998a, b) showed that people more easily recognized
common hand postures, typically used in object interaction, than unusual postures, even when the
latter provided more visual information for handedness recognition. These findings highlight how
motor knowledge supports perceptual tasks.

The theory of ‘common coding’ (Prinz, 1990) provided another conceptual model to explain the
connection between perception and motor processes, suggesting that perceptual and motor
representations share overlapping codes. Substantial evidence supports a common neural
framework between action and perception in humans (Viviani, 2002; Fadiga et al., 2000), indicating

the possibility in social contexts for a direct translation between observing and performing an



action. For example, mirror neurons in the monkey’s ventral premotor area (F5) fire both when the
monkey performs a goal-directed action and when it observes the same action being executed by
another individual (Rizzolatti et al., 1996). Over the years, mechanisms such as mirror neuron
system have given insight into the abilities to assume a first-person perspective on the actions
(Rizzolatti & Craighero, 2004), sensations (Whicker et al. 2003; Gallese et al., 2004), emotions
(Hatfield et al.,, 1993) and intentions of others (Rizzolatti & Sinigaglia, 2010) and form
interpretations of others’ mental states from a third-person perspective (Firth & Firth, 2006; 2010).
This framework emphasizes that in social contexts, when interacting, not only individuals are able
to mentalize the other’s mind, but lower functional motor mechanisms, as the mirror system, seem
to be at the base of how we experience others (cfr. Gallese et al., 2004). This indicates that to truly
grasp the behavioural and neural mechanisms that underpin cognition, it is important to shift the
focus to how perception and action operate in social environments in what has been referred to as
‘second-person neuroscience’ (Schilibach et al., 2013).

Action is related to perception also thorough selective attention, as stated in the ‘premotor theory
of attention’ (Rizzolatti et al., 1994). This theory posits that a single control system governs both
attention and action, especially in spatial contexts, and that is essential for pragmatic reasons (e.g.,
without spatial awareness, it would be impossible to efficiently act upon or interact with the
environment). Looking at this perspective in a social framework, the premotor theory of attention
finds support in the case of social learning and joint attention mechanisms during interpersonal
exchanges. The ability to selectively align one's attention with another person’s focus on objects
and events of mutual interest provides a basic mechanism of a common cognitive framework from
early development (Tollefsen, 2005; Frischen & Tipper, 2004). Humans utilize a variety of social
signals, such as gaze, gestures, and posture, to indicate which object or event is being attended to.
Indeed, mirroring abilities are also involved in these attentional processes: motor imitation plays a
crucial role in learning and communicating the meaning of objects, events, and movements. The
active participation in joint attentional processes facilitates the creation of a shared focus in
interaction to form a perceptual common space (Sebanz et al., 2006), a shared mental
representation, aligning two individuals' perspectives on the same experience, supporting the
initiation of coordinated actions, and facilitating ongoing coordination during tasks.

However, sudden environmental changes might cause the failure to adjust to the other focus or
action, unlesse we are able to predict them. This could be related to the concept of ‘forward
models’, the brain mechanism that predicts the consequences of motor actions, connecting motor

control to cognitive processes, two processes that might underlie our abilities to imitate and



coordinate with others (Wolpert et al., 1995; Miall, 2003). Indeed, imitative actions benefit from the
overlap of motor representations between partners, allowing anticipatory alignment of actions based
on internal simulative mechanisms for one's motor control while simultaneously simulating the
others’ actions—potentially using the same internal models for both (Blakemore & Decety, 2001;
Wolpert et al., 2003; Pezzulo et al., 2013; Dindo et al., 2011; Pezzulo, 2011). In this framework,
imitation builds upon shared attention by translating the observed actions and intentions of others
into one's own motor representations, enabling a deeper understanding and synchronization of
actions with a conspecific (Meltzoff & Decety, 2003; lacoboni et al., 2005). Individuals seem to
treat the co-actors actions similarly to their own during action planning, potentially forming shared
task representations when interacting to achieve a common goal (Sebanz & Frith, 2004).
Furthermore, joint attention and imitation seem to rely on the ability to infer another person's
action goals (Bekkering et al., 2000; Wohlschlager et al., 2003). Neurons located on the lateral
surface of the inferior parietal lobule, demonstrate selectivity not only for the movement currently
being executed, but also for the subsequent movements in a sequence, indicating their involvement
in representing the overall objective of a chain of movements (Fogassi et al., 2005; Tunik et al.,
2007). Indeed, successful interactions seem to require understanding others' actions and intentions,
to anticipate their next moves, and predict the outcomes (Verfaillie & Daems, 2002). Planning one’s
actions in interpersonal interactions involves accounting for the timing, type and goal of the others’
movements, foreseeing and adjusting to their actions. The capability to merge one’s movements
with those of another and to align individual sub-goals within a unified motor strategy can be
conceptualised as a motor shared goal representation. This process is guided by a joint goal
representation that predicts the combined outcome of both participants' actions (Sebanz et al.,
2006). Evidence suggests that motor resonance in imitation facilitates these predictive abilities
(Wilson & Knoblich, 2005; Kilner et al., 2004; Miall, 2003). While imitation is beneficial in many
social situations, such as observational learning, it can be counterproductive in everyday dyadic
interactions requiring complementary actions to reach shared objectives successfully.
Understanding what someone else focuses on in a given context provides important clues about
their intentions and can trigger imitative, but also complementary actions in the observer
(Richardson & Dale, 2005). Achieving complementary movements is possible when internal motor
representations triggered by observation (lacoboni et al., 1999) are inhibited by a shared goal
representation (Fogassi et al., 2005), that predicts the combined outcome of both participants'
actions (Sebanz et al., 2006). This inhibition allows to choose suitable actions to accomplish joint

objectives, allowing an individual to carry out actions that differ from those observed (Meltzoff &



Decety, 2003; Chaminade et al., 2005). In contrast to imitation, complementary actions demand a
mismatch in either time or space between participants' movements and objectives (Hasson & Frith,
2016). Neuroimaging findings indicate that both imitation and complementary interactions might
engage a distributed fronto-parietal network (Newman-Norlund et al., 2007). For instance, the
anterior intraparietal sulcus (alPS) appears to play a role in coordinating shared goals by predicting
and integrating complementary actions between individuals (Sacheli et al., 2015a; Era et al., 2018).
Meanwhile, coordination abilities necessary for synchronous actions seem to be related to the
activity of the primary motor cortex (Novembre et al., 2014) and dorsal premotor cortex (Hadley et
al., 2015). Complementary actions, however, might call for greater neural resources to integrate and
adapt one's actions with others (Kokal et al., 2009). Indeed, successful interactions likely relies not
only on anticipating the partner’s behaviour but also on understanding what the task requires
(Sebanz et al., 2005; Konvalinka et al., 2010; Gallotti et al., 2017). In this case, action simulation
could involve additional steps for transforming the perspective from the observer to the others’
frame of reference -often referred to as perceptual (Johnson & Demiris, 2005) or visuospatial
perspective taking (Zacks & Michelon, 2005) — leading evidence for the connection between space
attention and action processes.

In summary, by examining different types of evidence that relate perception to action, it is clear
that different neural mechanisms could support social interaction, with certain brain regions and
functions potentially contributing depending on the objective and type of interpersonal interactions.
It was possible to distinguish between two critical aspects of motor behaviour: the anticipation of
others' movements (Knoblich & Jordan, 2003) and the mental representation of shared goals
(Butterfill, 2012). Perceptual, motor, and cognitive functions allow individuals to successfully act
together. Shared intentionality, sensorimotor coupling, and synchronized movements between co-
actors, are suggested to enable them to influence one another (Sebanz et al., 2006). As stated, the
use of predictive mechanisms potentially allow individuals to anticipate both their own actions and
those of their partner to integrate this information into a shared action plan (Sebanz & Knoblich,
2009). This conceptual framework suggest that while interacting to pursue a common goal, the
action could be divided into distinct sub-tasks, with each individual responsible for executing their
part to ensure the completion of the collective activity. This action coordination between two or
more individuals as a cohesive unit in space and time to achieve a shared goal is referred to as ‘joint
action’ (Sebanz et al., 2006; Konvalinka & Roepstorft, 2012). In this process, participants can be
conceptualized as coupled dynamical systems that mutually predict and adapt to one another’s

actions (Kelso et al., 2013) at behavioural (Richardson et al., 2007), physiological (Muller &



Lindenberger, 2011: Mitkidis et al., 2015) and neural levels (Konvalinka & Roepstorff, 2012;
Novembre et al., 2017). To capture this dynamic, it could be useful to introduce the concept of a
‘Shared Action Space’ (Pezzullo et al., 2013), better discussed in next sections, suggesting that
individuals engaged in joint action might incorporate their partner's movements and intentions into

their own spatial representation, allowing for the coordination of both agents’ motor plans.

1.2.Body and Space Representation During Interpersonal

Interactions

We perceive and move in space through multiple function-specific representations held within
different cortical areas which in turn may be responsible for the control of movements of different
body parts (Rizzolatti et al., 1994; Gross & Graziano, 1995; Colby & Duhamel, 1996). Acting
within an environment not only involves the coding and interpretation of our surroundings, but also
entails a robust representation of ourselves. Inputs in different sensory modalities form a
representation of one’s own body known as the ‘body schema’. Indeed, the term body schema refers
a constantly updated multimodal neural representation of the body that adapts during movement and
motor learning (Botvinick, 2004; Head & Holmes, 1911). This concept is distinct from another
representation of the body, known as the ‘body image’, which is referred to as a conscious
representation or beliefs regarding one’s body (Gallagher & Meltzoff, 1996) and it is used to
indicate an implicit knowledge of our body’s form, configuration, and how it influences touch,
vision and movement (Graziano & Botvinick, 2002).

As individuals grow or acquire new motor skills, the body schema adjusts to reflect changes in
action capabilities. This schema is thought to extend to incorporate objects relevant to the action,
such as tools. In support to this hypothesis, studies investigating the receptive fields of neurons in
the intraparietal area of monkeys, which respond to both somatosensory and visual stimuli, are
found to expand and include the full length of a tool after its use (Maravita & Iriki, 2004; Iriki et al.,
1996). In other words, tool use appear to modify the body schema by extending the body's internal
representation, as proved also in human (Arbib et al., 2009; Cardinali et al., 2009; Maravita et al.,
2002). For instance, patients with hemispatial neglect show deficits in far space when using tools,
indicating that tool use affects spatial representation beyond immediate reach (Berti & Frassinetti,
2000). These evidences indicate that individuals perceptual system adapts the body's representations

to optimize the sensorimotor transformations necessary for effective actions, such as reaching and



grasping objects and predicting their sensory consequences (Wolpert et al., 1995; Pouget et al.,
2002; Miall, 2003). This close relationship between body, action and spatial representation suggests
that the brain encodes body and external spatial locations ensuring flexibility and accuracy in
movement (Gross & Graziano, 1995). The space encoding of the body and its’ surroundings is
based on the integration of different sensory and proprioceptive inputs (Maravita et al., 2003a).
These processes are suggested to involve a network of brain regions related to the dorsal stream,
especially the posterior parietal cortex (Colby & Goldberg, 1999; Ferraina et al., 2009), the
premotor cortex (Graziano et al., 1994; Rizzolatti & Luppino, 2001), and the cerebellum (Wolpert
etal., 1995).

Specifically, based on evidence from brain-damaged patients, Goodale and Milner (1992)
introduced a distinction between two modes of perception: one aimed at object recognition
(perception-for-identification) and the other aimed at guiding action (perception-for-action). The
authors later supported this division by linking object identification to the ventral (occipito-
temporal) stream and action guidance to the dorsal (occipito-parietal) stream (Milner & Goodale,
2008). Patients with damage in the superior parts of the posterior parietal cortex are reported to
frequently struggle to use information about an object's size, shape, orientation, and location to
guide the hand posture, finger positioning, or limb movement when attempting to grasp it (Goodale
& Milner, 1995; Goodale et al., 1994). However, these individuals can often still recognize and
describe the very objects that they cannot effectively grasp (Milner & Goodale, 1995; Goodale &
Milner, 1992). Conversely, some patients display the opposite pattern, able to perform grasping
actions but impaired in object recognition (Goodale & Meenan et al., 1994; Goodale & Milner,
1992). In healthy individuals, this distinction has also been proposed as a potential explanation for
the perceptual and action-related differences in object size judgments (Aglioti et al., 1995). This
pattern of dissociation is supposed to reflect the distinct computations performed by these two
visual pathways in the brain (Milner & Goodale, 1995). The ventral pathway relies on relative
metrics and an object-centered frame of reference, while the dorsal pathway encodes spatial
information egocentrically, translating distances in a way that is directly relevant for action (Ganel
et al., 2008). The dorsal stream is responsible for organizing the space around us for perceptual
purposes and enabling effective interaction with the environment through action (Goodale &
Milner, 1992; Rizzolatti et al., 1997) by converting visual information into a more relevant body-
centered coordinate frame (Jeannerod & Biguer, 1989).

It has been proposed that when we move with a partner as well, our body schema would adjust

as an effect of ‘social entanglement’ to include and incorporate the other’s body movement



(Soliman et al., 2015). This phenomenon has been referred to as ‘joint body schema’ (JBS).
Soliman and colleagues (2015) proposed that joint actions—beyond cognitive mechanisms like
joint attention, action observation, and intention understanding—may also depend on overlapping
body representations of the self and the other. This JBS, i.e., the integration of visual stimuli seen
on the hand of our partner with tactile stimuli felt on one’s own hand, seems to persist beyond the
task itself once established during an interpersonal interaction (Soliman et al., 2015). Such shared
schema is thought to emerge when individuals must coordinate their actions to achieve shared
goals, as in joint action tasks that might lead to the integration of body representations between co-
actors to coordinate their movements better. By gaining a better understanding of their partner's
potential movements, individuals can adjust their own actions to better complement their partner's
motions. Taking a step back to the discussed distinct computations acted by the ventral and dorsal
visual streams, this JBS transformation when individuals are spatially aligned could reflect an
egocentric-to-egocentric frame (Becchio et al., 2013). Meaning that when two individuals are
spatially aligned, they share a similar viewpoint or are oriented in the same direction during an
interaction, they could create a joint body schema using egocentric (self-centered) frames to interact
efficiently. However, when viewpoints are misaligned, integrating two different frames of reference
could be harder, leading to an object-centred remapping to coordinate actions effectively (Bockler
et al., 2011). In the latter case, the individual action spaces are merged into what can be referred to
as a joint action space, where the agents' perspectives and orientations remain unaligned, but they
coordinate actions by relying on a shared spatial framework rather than a common viewpoint
(Pezzullo et al., 2013).

This shared space is referred to as Shared Action Space (SAS). Building on the notion that
interpersonal interactions can reshape the space surrounding the body by expanding to the space of
a partner, individuals integrate the operational spaces of their partners into their spatial
representations encompassing areas where direct interaction occurs, even if beyond their immediate
reach, allowing for more efficient complementary or simultaneous joint actions (Pezzullo et al.,
2013). Individuals naturally rely on their own body schema to respond to sensory information near
or around the bodies of others (Brozzoli et al., 2013; Decety & Sommerville, 2003; Thomas et al.,
2006). Building on this notion, physiological evidence supports the existence of integrated spatial
representations, sensitive to the spatial contexts in which another's actions occur (Caggiano et al.,
2009), reminding to mirror-like mechanisms. Furthermore, mirror neurons are part of a broader
action observation network (AON), which includes regions in the parietal, premotor, and

occipitotemporal cortices processing various types of information regarding others’ movements and



goals, representing the possible sensory and motor foundations supporting effective joint actions
(Kessler et al., 2006; Biermann-Ruben et al., 2008; Grafton, 2009; Neal & Kilner, 2010). In a
shared interpersonal context, multisensory and motor integration could be considered particularly
relevant for their intrinsic avoidance and approaching function between the body and the
environment. Particularly, visuo-tactile neurons are significant, due to the essential role of vision in
directing our actions and predicting their tactile outcomes in daily life. Through visuo-tactile
integration (VTI) effects these bimodal neurons are proved to respond to visual stimuli not just near
the individual, but also related to another person's body (Brozzoli et al., 2013). These spatial

sensory-motor neural mechanisms indicate an altered perception of the space when it is shared.

1.3. Multisensory Integration and Peripersonal Space

Representation

Different studies have identified both in monkeys (Duhamel et al., 1998; Hyvarinen & Poranen,
1974; Rizzolatti et al., 1981a, 1981b) and humans (Sereno & Huang, 2006) different body-parts
centered bimodal neurons (e.g., coding for stimuli in two sensory modalities) that seem to be the
neurophysiological basis of the integration between stimuli in different sensory modalities.
Focusing on visuo-tactile mechanisms, which encompass sensory and motor-related functions, they
serve as a multisensory-motor interfaces to support effective interactions with objects and the
environment. Indeed, certain visuo-tactile neurons in monkeys exhibit a dynamic nature in their
visual receptive fields. There are notable differences between the receptive fields (RFs) of tactile
and visual neurons: tactile RFs are fixed to specific body parts, while visual RFs surrounding the
same body parts can respond to objects approaching the body part within approximately 30 cm
(Rizzolatti et al., 1981a, b; Gentilucci et al., 1988; Graziano & Gross, 1996; Fogassi et al., 1996).
These neurons, termed ‘peripersonal neurons’ (Rizzolatti et al., 1981a, b; Gentilucci et al., 1988),
were identified based on their sensitivity to stimuli appearing close to the body's surface,
specifically within the peripersonal space (PPS). Fogassi et al. (1996) found that the visual
receptive fields of F4 visuo-tactile neurons can expand in depth when a visual stimulus approaches
the cutaneous receptive field at varying velocities, specifically between 20 and 80 cm/s. This
characteristic is crucial for both defensive mechanisms and the preparation and execution of actions
directed toward objects within proximity, again within the PPS. Additionally, research by Iriki et al.
(1996) revealed that after monkeys were trained to utilize a rake as a tool to access food pellets

located outside their normal reach, certain neurons in the post-central gyrus (with some extension



into the intraparietal sulcus) began to demonstrate visual activity. While some authors have raised
questions about these last findings (Holmes & Spence, 2004), it was observed that these visual
responses were more pronounced during active tool usage compared to passive interactions, and
visual receptive fields appeared to stretch toward the rake's tip. Remarkably, a few minutes
following active tool use, these visual receptive fields seemingly returned to their original size. This
indicates that the dynamic properties of visual receptive fields may be closely linked to the
performance of specific motor actions, that can impact and re-shape PPS representations (Rizzolatti
etal., 1998).

These findings suggest that the dynamic adjustment of multisensory receptive fields and
perceptual representations is directly linked to goal-directed actions, not just responding to stimuli
close to the individual’s body parts, aligning with the concept of a shared coding for perception and
action (Prinz, 1997, 1990). This is in line with the notion that such bimodal neurons are mainly
located within areas involved in sensorimotor integration in monkeys, such as the inferior area 6
(Gentilucci et al., 1988; Rizzolatti & Gentilucci, 1988; Rizzolatti et al., 1987, 1988, 1997), parietal
areas 7b (Hyvarinen, 1981; Hyvérinen & Poranen, 1974; Hyvérinen & Shelepin, 1979; Leinonen,
1980; Leinonen & Nyman, 1979), and the putamen (Crutcher & DelLong, 1984). This neuronal
organization support the close relationship between space coding and sensorimotor processing:
objects located within the reaching distance increase their salience as a function of the possible
interactions that we can establish, supporting a function in effective guidance of the motor response
(Graziano & Gross, 1993; Graziano, 1999; Rizzolatti et al., 1997, 1998; Maravita et al., 2003a, b;
Maravita, 2006). Interestingly, visuo-tactile neurons within area 7b and the ventral section of the
intraparietal sulcus display mirror-like properties when observing, independently from the
observing position, another’s body-part approached by a visual cue (Ishida et al. 2010). This finding
might suggest a role for these regions not only to interact with nearby objects, but also to
understand and code for conspecific interactions with the environment.

In humans, several studies support these findings for visuo-tactile stimuli presented near-body in
both neuropsychological conditions (Ladavas, 2002; Ladavas & Farne, 2004; Legrand et al., 2007)
and healthy population (Brozzoli et al., 2010, 2009; Spence et al., 2004, 2008). Patients affected
with ‘extinction” show impaired detection of stimuli presented contralaterally to their brain lesion
(in the right parietal lobe) if they are presented synchronously with a stimulus in the same sensory
modality on the same side as the lesion (Bender & Feldman, 1951; Bender, 1952; Brozzoli et al.,
2006). This phenomenon is thought to occur due to competition for awareness between the impaired

and intact spatial representations (Jacobs et al., 2011). The extinction can also be crossmodal, it has



been found that visual cues near the hand contralateral to the lesion are extinguished by a tactile
stimulus on the other hand (Mattingley et al., 1997) and that the extent of crossmodal extinction
experienced by the patients’ varies as a function of the stimuli distance from their body (di
Pellegrino et al. 1997). This is also true for face-centred stimulations (Farné et al. 2005a).
Furthermore, these patients showed crossmodal extinction for extrapersonal space after a tool use of
5-10 minutes to retrieve or act upon distant objects (Farné & Ladavas, 2000; Berti & Frassinetti,
2000; Bonifazi et al., 2007; Farneé et al., 2005b, 2007; Maravita & Iriki, 2004).

These findings are in line with studies on healthy subjects, investigated through crossmodal
congruency task (Pavani & Castiello, 2004; Spence et al., 2004, 2008), where participants respond
more quickly and accurately when both the tactile and visual stimuli are aligned at the same
elevation with respect to their fingers, a phenomenon known as the crossmodal congruency effect
(CCE; Spence et al., 2000). Notably, the intensity of the CCE increases when the visual stimuli are
nearer to the hand (e.g., within the PPS) compared to when they are presented farther away (Pavani
et al., 2000; Maravita et al., 2003a; Macaluso & Maravita, 2010) and extend to far space after tool
use (Maravita et al., 2002; Holmes et al. 2004, 2007a, b). The locations for humans’ bimodal
neurons coding for these VTI effects correspond to the ones found in monkeys, specifically they are
reported to be in the anterior section of the intraparietal sulcus and the ventral premotor cortex
(Bremmer et al., 2001; Makin et al., 2007; Serino et al., 2007). These areas have been further
confirmed in studies investigating multisensory information around the face (Bremmer et al., 2001)
and hand regions (Sereno & Huang, 2006), although different body parts, such as the face or hands,
have spatially distinct but overlapping visuo-tactile topographical representations (Huang et al.,
2012). Recent research using intracranial electroencephalography demonstrated that also certain
brain regions, such as the post-central gyrus and insula, integrate multisensory inputs with
proximity modulation (Bernasconi et al., 2018) as in non-human primates (Avillac et al., 2007).
These results imply that, like in monkeys, the frontal and parietal regions associated with
multisensory processing in humans are part of a larger fronto-parietal network responsible for
sensory-motor processes that enable interactions with the environment and dynamically modulate

individuals’ space representation mechanisms (Rizzolatti et al., 1997, 1998).



1.4. Modulations of Cross-Modal Effect and the PPS

1.4.1. Action Planning and Execution

The VTI mechanisms influence and are influenced by the representations of the space
surrounding out bodies, literally the PPS (di Pellegrino & Ladavas, 2015; Patané et al., 2017; Cléry
& Hamed, 2018; Bufacchi & lannetti, 2018; Serino, 2019). This representation, which relies on the
previously cited multisensory neurons (Rizzolatti et al., 1981a, b; Gentilucci et al., 1988; Graziano
& Gross, 1996; Fogassi et al., 1996), serves as a sensorimotor interface that enables interaction with
the environment, particularly during action planning and execution such as, for example, grasping
and reaching movements. The perception of whether external objects are located inside or outside
the PPS is influenced by the characteristics of the body’s movements and the location of its various
parts. This multisensory mechanisms underlying PPS representations are believed to improve
voluntary actions like reaching for and grasping nearby objects (Brozzoli et al., 2009).

However, the integration of different sensory modalities in PPS can be modulated by individual's
action intentions or specific interacting goal (Brozzoli et al., 2010; Patané et al., 2019; Senna et al.,
2019). For instance, recent behavioral research indicates that multisensory integration effects
happening in the near-body space are dynamically extended to portions of space far from the body
in anticipation of voluntary body movements toward these regions (Brozzoli et al., 2009, 2010,
2012; Makin et al., 2012). Indeed, when participants are asked to discriminate a tactile stimulus
delivered to a finger of the hand they will move to reach-and-grasp an object while a visual cue is
presented in either a congruent or incongruent position relative to the final movement location on an
object, VTI effects become evident even in the case of visual cue outside of their PPS (Brozzoli et
al., 2010). Moreover, similar effects have been observed for peri-trunk space (Canzonieri et al.,
2012) and whole-body movements (Noel et al., 2014).

Patané and colleagues (2019) demonstrated that cross-modal visuo-tactile integration can be
modulated by action from its planning phase under specific conditions, as when the orientation of
the object to be grasped was randomized for each trial, introducing uncertainty. Participants
received the tactile stimulation during different phases of the movements, from its planning to the
grip on the object. However, they could only fully plan their action (in terms of object orientation)
after seeing the object , that constituted the go signal of the movement. The interaction caused by
the orientation of the visual cues relative to the action on tactile discrimination suggested that, even

in the planning phase, there was an early reprocessing of the relationship between visual and tactile



stimuli, suggesting a remapping of the PPS representation. The timing in which these VTI effects
were found during the action execution and their linear strengthening further suggests that
continuous monitoring of the action and the action space occurs throughout the entire movement.
This appeared also evident at the kinematic level (Patane et al., 2019).

The modulation of VTI effects during action planning and execution was further examined in
situations where sequences of actions were required during action execution. Senna and colleagues
(2019) explored how combinations of actions and their plausibility affected the intensity of the
CCE. Participants were tasked not only with grasping actions over a cylindrical candy-like object
that displayed task-irrelevant visual cues, but also with bringing it toward themselves. The
plausibility of the action was determined by the orientation of the object (either horizontal or
vertical), which varied on a trial-by-trial basis, similar to the setup used by Patane et al. (2019).
Reaction times showed that the strongest CCE occurred only when participants were holding the
cylinder with a plausible action —that is, when the candy was positioned horizontally, allowing it to
be easily brought to the mouth without additional reorientation, unlike the vertical position. These
findings differ from earlier studies (Brozzoli et al., 2009, 2010; Pataneé et al., 2019) that reported a
continuous, linear updating of the relationship between visual distractors and tactile stimuli,
beginning at the action planning phase and extending throughout movement execution and
approach to the target object (Patané et al., 2019). The findings from Senna et al. (2019) suggest
that the remapping of the PPS area may occur at different stages of the movement chain execution,
depending on the specific action aims and the plausibility of those actions. These results enhance
our understanding of how peripersonal space functions to support and guide voluntary actions

aimed at specific goals.

1.4.2. Social Factors

In light of the describe research on VTI effect in the space of another, it is reasonable to believe
that PPS representation plays a crucial role in physical interactions not only with object in our
environment, but between ourselves and others, potentially affecting interpersonal exchanges (Heed
et al., 2010; Teneggi et al., 2013; Patané et al., 2017). Indeed, a growing body of evidence suggests
that PPS is influenced by the mere presence of others and the nature of interactions with them.
Studies in monkeys (Ishida et al., 2010) and humans (Brozzoli et al., 2013) reveal that premotor and
parietal neurons respond to visual stimuli not only in one's own PPS but also in others' PPS. For

example, Ishida et al. (2010) discovered visuo-tactile neurons in the macaque's VIP area that



responded to tactile stimulation on the animal's body and to visual stimuli approaching both the
animal and an experimenter facing it. Similarly, Brozzoli et al. (2013) showed that in humans,
vPMc regions were modulated not just by the distance of an object from the participant’s hand, but
also by the distance of that object from another person’s hand, showing mirror-like mechanisms.
Teramoto (2018) found that delivering a tactile stimulus on one’s hand, the participants exhibited
shorter detection times when the disk approached the hand in their near space. When performing the
task with a partner across the table, the participants exhibited shorter detection times for the tactile
stimulus both when the disk approached their own hand in their near space and when it approached
the partner's hand in the partner's near space but the participants' far space. This phenomenon was
also observed when the body parts from which the visual stimuli approached/receded differed
between the participant and partner (Teramoto, 2018). Research on VTI effects has demonstrated
that viewing someone else’s face being touched facilitates one's tactile detection of their own face
(Serino et al., 2008; Ladavas & Serino, 2010). Thomas et al. (2006) demonstrated that detecting a
tactile stimulus on one's own body can be influenced by prior visual cues on a model’s body, either
enhancing or delaying the tactile identification depending on the visual cue location congruency
according to CCE rules.

These findings all indicate that the mechanisms involved in the integration of multisensory
stimuli can respond similarly to stimuli in one’s own PPS and those of others, i.e., these systems are
sometimes said to ‘map the space around others’. This ability to integrate visuo-tactile stimuli in
another person's space can also affects the representation of one’s own. For instance, Heed et al.
(2010) found that visuo-tactile interaction strength, measured by CCE, decreases when another
person enters the participant's PPS and performs a similar task. Further evidence from dynamic
audio-tactile interaction tasks suggests that the size of an individual's PPS can be altered by the
mere presence of others. Teneggi et al. (2013) found that looming sounds affected tactile processing
at closer distances when participants faced a stranger, compared to when they faced a mannequin,
implying a contraction of PPS in the presence of an unknown individual. However, the author found
that subsequent social interactions shaped PPS representation: following a fair interaction,
participants’ PPS expanded to include the space around the other person, whereas no such
expansion occurred after an unfair interaction (Teneggi et al., 2013). This finding suggests that after
positive social exchanges, PPS might extend to create a shared interaction space, even when there is
no physical exchange.

To investigate such social regulation, some recent studies have focused on variations

interpersonal distance as an effect of social cognition (lachini et al., 2014, 2015; Patané et al.,



2017), indicating that emotional and social factors likely modulate how PPS neurons map the space
around others into one’s own (Cardini et al., 2012). Evidence suggests that attributes of others - like
their moral character, emotional state, and other complex cognitive factors—significantly influence
our spatial representation and sensorimotor mechanisms, shaping how we perceive and respond to
others in shared spaces. These findings suggest that PPS is responsive to physical proximity, but
also to social and emotional cues from others. This has led to a new theoretical perspective in which
PPS is seen as a dynamic interface that facilitates interaction between the self and objects, but also
other people (Blanke et al., 2015; Cléry & Hamed, 2018; Serino, 2019).

Furthermore, Patané and colleagues (2021) explored how the sense of ownership attributed to an
object that is the target of one’s movement, modulates the extent of visuo-tactile interference, in an
interpersonal multisensory motor interaction. In this experiment, conducted in pairs, participants
were asked to detect tactile stimuli while ignoring visual cues appearing on an object they were
about to grasp, using a setup similar to the cross-modal congruency task developed by Brozzoli and
colleagues (2009, 2010). Participants performed reach-to-grasp movements toward a glass-shaped
object, which came in two distinct versions: each participant was assigned a different glass, marked
with a unique coloured band around the rim, to establish a sense of ownership. The task involved
various conditions: participants either reached for their own object, reached for their partner’s
object, or observed their partner performing the grasping action. This design allowed the
researchers to examine how the sense of ownership, and the interaction between participants,
influenced the integration of visual and tactile information during the action. What they found
points in favour of an ownership-dependent effect, VTI increased when participants interacted with
their own object or observed their partner grasping their own object. However, this effect was
absent when participants interacted with or observed interactions involving an object they did not
own. When both participants shared a single glass-shaped object, the VTI was observed as for the
case of ownership. This suggests that the modulation of PPS representation may depend on the
sense of ownership over the object being interacted with. Importantly, these findings highlight that
a social component can influence how the brain integrates sensory information in interactive
contexts.

However, despite these results on the plastic ‘extension’ of the multisensory self-space
representation in social contexts, PPS still serves a function in distinguishing the self from the
environment and others, establishing a stable sense of bodily self-awareness (Blanke, 2012;
Ehrsson, 2012; Makin et al., 2008; Tsakiris, 2010). Indeed, PPS is believed to contribute directly to

the experience of self-location, the subjective sense that one occupies a particular position in space



(Blanke et al., 2015; Cléry & Hamed, 2018; Legrand et al., 2007; Serino, 2019). In line with this
framework, but in contrast to previously cited works, Fossataro et al. (2023) demonstrated that the
proximity of another person’s hand can shrink the area of space where multisensory stimuli are
processed, hence the boundaries of PPS. This suggests that the PPS model, based on bodily and
sensory input, adjusts dynamically to account for the presence of others, redefining the boundaries
between self and other. When space is shared, this plasticity may help distinguish external events as
relevant to the self or to others.

In general, the evidence reviewed above shows that there are many different features of social
contexts (e.g., the mere presence of another, their emotional or moral connotation, whether we have
interacted with them, whether an object belongs to another) that may affect ones’s PPS
representation (as indexed by multisensory integration effects) and consequently, interpersonal
interactions. Thus, a comprehensive understanding of how specific social factors in interpersonal
interactions influence the sensory-motor representation of events surrounding one's own body and

that of others remains an ongoing area of research.

1.5. Social Factors Influence on Interpersonal Interactions

One’s movement play a crucial role in para-verbal communication (Pollick & De Waal, 2007;
Arbib et al., 2008; Xu et al., 2009; Corballis, 2010; Vainiger et al., 2014): the use of gestures and
signals help align individuals, enabling effective coordination through signalling-and-decoding
strategies (Candidi et al., 2015). However, beyond these explicit social signals, other characteristics
of the partners—such as their physical aspects (i.e., age, gender, height; Uzzell & Horne, 2006;
lachini et al., 2016; Hecht et al., 2019), moral attributes (lachini et al., 2015; Pellencin et al., 2017,
Fini et al., 2020), group affiliation (Willis, 1966; Leibman, 1970; Tajfel et al., 1971; Fini et al.,
2020) and the emotional valence of their aspect or their actions (i.e. degree of threat of the social
stimuli; Lockard et al., 1977; Hayduk, 1983; Siegman & Feldstein, 2014; Ruggiero et al., 2017;
Cartaud et al., 2018, 2020) —also critically influence how individuals adjust their behavior when
interacting or communicating with each-other. The following sections critically review the available
literature on the interaction between interpersonal perception in action, spatial and personological
sense (i.e., similarity/distance in personality traits/states) and linguistic (non-verbal but written)

communication.



1.5.1. From Sensorimotor Contingencies to Social Cognition

The close relationship between cognition and action, through which individuals experience and
interpret the world, has led pragmatist theories to conceptualize cognition as inherently embodied
within action. (Varela et al., 1991; Clark, 1997; Noé, 2004; Pfeifer & Bongard, 2006; Engel, 2010).
In line with this view, the concept of Sensorimotor Contingencies (SMCs) states that cognition can
be understood only in association with movement and sensory inputs, which are entangled in a
bidirectional relationship (O’Regan & Noé&, 2001). SMCs offer a conceptual framework for
exploring how individuals process and formulate object-related concepts and action strategies. The
successful acquisition of SMCs enables goal-directed actions, expanding their significance beyond
basic movement-sensory input to cognition (Maye & Engel, 2011, 2012; Engel et al., 2013 ;
Hogman et al., 2013 ). This perspective goes beyond the original sensorimotor contingency theory
(SMCT), which emphasized immediate sensory feedback from movements (O’Regan & Nog,
2001). Instead, it supports the idea that intricate interactions arise through the continuous dynamic
pairing between individuals and their environments.

In their environments, individuals are involved with other conspecifics. Hence SMCs has also
been proposed to have a social dimension (socSMCs), which functions as an action-centered
mechanism for social cognition (Lubbert et al., 2021). The concept of socSMCs highlights how
basic sensorimotor interactions are fundamental to foster social entrainment and engagement.
Conversely, social contexts play a significant role in shaping these low-level sensorimotor relations.
For instance, shifts in social behaviors, such as variations in proximal or distal sensorimotor
coupling, can impact higher-order social cognitive processes like trust, empathy, and cooperation
(Froese et al., 2014; Keller et al., 2014; Llobera et al., 2016). Likewise, changes in social
involvement may alter the intrinsic and extrinsic dynamics of sensorimotor coordination between
two individuals (Lubbert et al., 2021; Sacheli et al., 2015b). Indeed, simulative mechanisms
associated with the fronto-parietal mirror system (Rizzolatti & Craighero, 2004) relates to basic
neurophysiological responses to interpersonal interactions, which are influenced by higher-order
cognitive and cultural factors. Neuroimaging research has pinpointed specific brain regions and
networks that become active through mentalization, empathy, and mirroring tasks (Stanley &
Adolphs, 2013). Furthermore, the connection between motor control and social cognition is
highlighted by studies on motor mimicry, an automatic unconscious form of interpersonal
coordination enabled by the mirror neuron system (Wang & Hamilton, 2012). Additionally,

empathy is found to arise from fundamental sensorimotor processes and shared representations



involved in both executing and observing actions (De Waal & Preston, 2017). Collectively, these
studies emphasize the intricate interplay between motor and social dynamics in interpersonal
exchanges.

Theoretical frameworks on self-representation provide essential insights into how individuals
perceive themselves and interpret social interactions, since self-identity formation is intrinsically
linked to social and sensorimotor processing. Illustrating how self-perception and group dynamics
influence interpersonal behaviour, Tajfel (1971, 1982) highlighted the significant influence of in-
group versus out-group distinctions on self-perception. Individual differences and cultural
influences significantly impact neural and behavioural responses within social environments
(Kubota et al., 2012). How we perceive ourselves is fundamental in shaping our relationships with
others. Group identification is crucial for fostering self-esteem and self-concept, often resulting in
favouritism toward one’s own group while occasionally leading to the denigration of out-group
members (Chang et al., 2014; Mackie & Smith, 2002). Farmer and Maister (2017) distinguish
between two types of self-representation: the bodily self, which is grounded in sensorimotor
processing, and the conceptual self, which comprises associative and semantic knowledge
developed through social interactions. Both aspects of self-representation are connected with social
cognition (Farmer & Tsakiris, 2012) and play a role in forming and perpetuating social biases
(Farmer & Maister, 2017).

Racial biases, shaped by the skin colour of another individual, have been shown to alter
sensorimotor mirroring processes when individuals observe both neutral actions and emotional
expressions (Molnar-Szakacs et al., 2007; Desy & Théoret, 2007; Gutsell & Inzlicht, 2010). Group
membership also plays a crucial role in social attention, which can be assessed through gaze-
mediated orientation (Pavan et al., 2011). Furthermore, these biases extend to the empathic mapping
of sensorimotor responses and emotional reactions toward others experiencing pain (Avenanti et al.,
2010; Azevedo et al., 2013). Evidence from neuroimaging studies highlights the critical roles of the
medial prefrontal cortex (mPFC) and the anterior insula (Al) in the neural basis of prejudice
(Amodio, 2014). These regions are particularly involved in processing information regarding
individuals' traits, preferences, and beliefs (Frith & Frith, 2003; Ma et al., 2013; Schilbach, 2015).
Additionally, these regions display sensitivity to various social factors, including social status and
experiences of ostracism (Muscatell et al., 2012; Powers et al., 2013). Moreover, ethnic
categorization significantly influences neural activation within the mirror neuron system,
particularly during the comprehension of intentions (Liew et al., 2011) and the act of imitation

(Losin et al., 2012; Earls et al., 2013), meaning that these processes engage neural networks



differently when individuals are confronted with their own ethnic group versus other groups.
Interestingly, prejudice appears to be implicitly modulated through embodied experiences,
particularly through bodily illusions (Farmer & Tsakiris, 2012; Maister et al., 2013; Peck et al.,
2013). Moreover, research has demonstrated that multisensory stimulation can influence lower-
level sensorimotor indicators of prejudice (Fini et al., 2013; Maister et al., 2015; Hasler et al.,
2017).

In conclusion, these findings indicate that our self-representations, bodily and cognitive
experiences can subtly shape our social perceptions and that social cognition can actively influence

our interaction dynamics.

1.5.2. From Communicative Gestures to Language

Communicative gestures act as precursors to language acquisition, sharing their neural basis on
both ontogenetic (Petitto & Marentette, 1991; Iverson & Goldin-Meadow, 2005) and phylogenetic
levels (Hewes et al., 1973; Pollick & De Waal, 2007; Arbib et al., 2008). Beyond merely conveying
information, some gestures invite specific responses from the observer, functioning as pre-verbal
social significant signals that call for an action. Neuroimaging and lesion studies provide evidence
indicating that the perception of objects can prime motor responses, namely affordances, even
without a conscious intention to interact with those objects. This process is governed by a left-
lateralized fronto-parietal network responsible for preparing motor actions (Grafton et al., 1997;
Grezes et al., 2003; di Pellegrino et al., 2005; Buccino et al., 2009). In line with a non-externalist
view of affordances (Chemero, 2003; Caiani, 2014; Borghi, 2018a), they are not just properties of
objects but are deeply embedded in sensorimotor patterns that invite for action.

Extending this concept to social contexts, social affordances are opportunities for interaction
embedded in gestures and other social cues (Valentini & Gold, 1991; Constall, 1995). In this view,
interactive gestures, are linked to the perception of others' social responsiveness. This concept
implies that gestures can entail social affordances. In interpersonal contexts, interactive gestures are
observed to trigger sensorimotor responses in the observer to complete a joint action (Curioni et al.,
2020). This system is key in modulating our readiness to act based on social cues. Rietveld and
Kiverstein (2014) further extended the notion of affordances by associating them with the skill set
of organisms, particularly humans, where affordances are tightly linked to sociocultural practices
(Wokke et al., 2016; lacoboni et al., 2005). This perspective suggests that perception involves an



‘openness to affordances’ (Rietveld & Kiverstein, 2014), meaning that individuals are attuned to
their environment's social and cultural cues.

A growing body of evidence suggests that linguistic context significantly impacts affordance
processing. For instance, labelling a novel object can facilitate motor learning related to using that
object, such as grasping it, while being less effective for tasks like moving it (Lupyan, 2012).
Language encodes stable sensorimotor features, such as shape and size of objects, which are
relatively context-invariant, while more dynamic features like object orientation may be less
consistently encoded. This points to language’s essential role in grounding conceptual knowledge
and facilitating motor learning (Foerster et al., 2020). Furthermore, specific verbs can differentially
activate motor affordances (Borghi & Riggio, 2009) and merely listening to action-related sentences
can prime motor responses (Gianelli et al., 2013). Social variables, such as familiarity with the
agent, also modulates affordance activation (Gianelli et al., 2013), highlighting the combined
influence of language and social context.

According to the Distributed Domain-Specific Hypothesis (DDSH; Caramazza & Shelton, 1998)
the brain organizes knowledge based on evolutionary relevance, with category-specific knowledge
stored together. Particularly, concrete word meanings are tied to specific neural regions that process
perceptual features such as color and taste (Simmons et al., 2007; Barrés-Loscertales et al., 2012).
Unlike concrete concepts, which are learned through direct physical interaction (Schwanenflugel,
1991; Paivio, 1986; Borghi et al., 2017), abstract concepts are largely acquired through language in
interpersonal interactions (Paivio, 1991; Barsalou, 1999; Brysbaert et al., 2014). Embodiment
theories suggest that sensorimotor activation is essential for semantic processing, alternative views
propose that such activation may be secondary to lexical processing (Mahon & Caramazza, 2008).
Hence, language is essential in acquiring and processing abstract concepts (Bergelson & Swingley,
2013; Borghi & Setti, 2017; Lewis et al., 2021), as shown by studies linking abstract concepts to
linguistic systems more than concrete ones (Wauters et al., 2003). However, despite abstract
concepts being traditionally viewed as detached from sensorimotor systems, they are increasingly
recognized as being influenced by them. For example, different categories of abstract concepts,
such as mathematical and emotional, involve distinct brain regions, often related to motor or
sensory functions (Dehaene, 1997; Desai et al., 2018). Concepts such as ownership can affect motor
behavior and spatial perception (Constable et al., 2011; Borghi et al., 2018a; Patane et al., 2021).

The Words as Social Tools (WAT) theory posits that abstract concept acquisition is primarily
driven by linguistic and social interactions, with inner speech playing a crucial role (Borghi et al.,

2019 a, b; Fini et al., 2022). These interactions necessitate coordinated communication,



underscoring the idea that language itself is a form of joint action (Clark, 1996). This aspect is
especially evident in discussions on concepts such as freedom, which are flexible and context-
dependent, requiring complex cognitive and social negotiation during communication (Borghi et al.,
2019a,b). Conversations about abstract concepts, particularly in socially or politically charged
contexts, can serve as mechanisms for reinforcing social bonds and fostering group cohesion
according to cognitive evolution theories (Rietveld & Kiverstein, 2014; Wokke et al., 2016). Thus,
abstract concepts serve as cognitive tools and function as social instruments, facilitating a shared
understanding (Borghi et al., 2019a,b). Consequently, discussing these concepts could promote

psychological and physical proximity among individuals and shape interpersonal interactions.

1.6. Thesis Contributions and Hypotheses

The present work aims to deepen our understanding of how interpersonal sensorimotor processes
relate with multisensory integration and social cognition in interactive contexts, at both behavioural
and neurophysiological levels. While the second chapter focuses on how sensorimotor processes,
such as VTI effects and motor control, adapt to interpersonal interactions within shared
interpersonal spaces, the third chapter explores how higher-level social factors, such as language,
influence interpersonal sensorimotor and cognitive dynamics.

Specifically, previous research showed that visuo-tactile interference expands when planning to
act on distant objects (Brozzoli et al., 2009, 2010; Patane et al., 2019; Senna et al., 2019). Here, in
Chapter 2, across three experiments, VTI are tested in a joint action task with a virtual partner in
synchronously grasping an object together (Chapter 2.1.). The research addresses how multisensory
integration dynamically adapts to the partner’s movements, reshaping sensory representations
within shared interaction spaces. In line with the concept of ‘Socializing Sensorimotor
Contingencies’ (socSMC), integrating sensorimotor signals from interacting partners can lead to the
emergence of shared sensorimotor representations (Lubbert et al., 2021), behavioural and neural
patterns evoked by visuo-tactile stimuli might be influenced on prior joint interactions. Therefore,
Chapter 2.2. investigates how prior interpersonal interactions involving different sensory channels
influence subsequent sensory processing responses to cross-modal stimuli. Furthermore, previous
studies have demonstrated how synchronous visuo-tactile stimuli can alter the perception of one’s
body ownership (Botvinick & Cohen, 1998; Tsakiris & Haggard, 2005). Chapter 2.3 explores the
phenomenon of body ownership and multisensory integration within a novel ‘social’ rubber hand

illusion (RHI) paradigm. This study introduces an interpersonal dynamic to the classical RHI,



where participants engage in synchronous mutual stroking with a partner. The study investigates
how this reciprocal interaction modulates not only body ownership but also subsequent VTI,
expanding on earlier work on self-other body representation (Blanke et al., 2015; Cléry & Hamed,
2018; Serino, 2019; Fossataro et al., 2023).

Chapter 2.4. delves deeper into the involved neural mechanisms of social cognition in
interpersonal interactions, particularly in the context of racial biases. Studies suggest that the medial
prefrontal cortex (mPFC) plays a key role in social biases, as it is involved in regulating racial
stereotyping and empathy (Amodio, 2014; Decety et al., 2009; Stirmer et al., 2006). Hence,
Chapter 2.4., explores how racial group membership can impact sensorimotor processes,
influencing coordination during joint actions with out-group members. In this study, the role of the
mPFC in joint actions with out-group partners was explored using inhibitory continuous theta burst
stimulation (cTBS). This research expands previous findings showing that out-group membership
reduces and disrupts predictive simulation of a partner's movements (Sacheli et al., 2015b).

As social interactions happen in specific social contexts, Chapter 3 expands on investigating
how social factors, such as conversational topics, interact with and modulate interpersonal
dynamics at the behavioural and subjective level. Specifically, Chapter 3.1., highlights the role of
language in shaping the quality of social interactions. Since abstract concepts (e.g. democracy,
justice) are primarily acquired through linguistic interactions rather than sensory experiences, as for
concrete concepts (Wauters et al., 2003), their meanings are deeply rooted in social interactions
(Borghi, 2022; Fini et al., 2021, 2023a). How abstract versus concrete words influence dialogue
initiation and maintenance is an open question addressed. Abstract language encourages
participants to reflect and explore broader topics, which can break the ice in initiating dialogues.
This study investigates whether abstracts, compared to concrete concepts, promote interpersonal
connection by enabling the negotiation and establishment of shared meanings essential for effective
communication (Borghi & Tummolini, 2020; Gilead et al., 2020). In line with the notion that
conversational exchanges are a form of joint activity, where effective collaboration leads to better
communication (Clark, 1996; Garrod & Pickering, 2004), Chapter 3.2., explore how brief online
chats can significantly boost interpersonal closeness, regardless of the conversational topic
(abstract/concrete). The study involved participants engaging in short virtual conversations and
measured their sense of connection afterward, expanding on the idea that computer-mediated
communication can still foster meaningful connections. This study highlights the potential for
digital platforms to enhance interpersonal relationships. Building on this broader understanding of

how social interactions foster interpersonal closeness but are also influenced by social cognition,



This work contributes significantly to the ongoing exploration of several open questions in the
fields of multisensory integration and social cognition in interpersonal interaction. Overall, the
present thesis contributes to our understanding of how sensory-motor processing and social context
influence interpersonal interactions, focusing on the dynamic nature of individuals' exchanges.
Exploring how individuals coordinate and interact within shared spaces influencing multisensory
integration (e.g., visuo-tactile interference), motor control (e.g., action coordination) and
interpersonal representations (e.g., after language use). This integrated approach sheds light on the
mechanisms underlying our ability to adapt to and navigate social environments, offering insights

into the dynamic nature of human interactions.



2

Unraveling Multisensory Integration in
Interactive Contexts



2.1. On-line Interpersonal Motor Interactions Modulate Visuo-
Tactile Integration Mechanisms

2.1.1. Introduction

Events that happen close to the body are extremely important because their efficient perception
and representation guide goal directed (Graziano & Gross, 1995; Maravita et al., 2003a,b) and
defensive behaviours (Cooke & Graziano, 2003). The representation of events and objects in the
region of space immediately surrounding the body, called the peri-personal space (PPS; Rizzolatti
et al., 1981a, b; Brozzoli et al., 2011), is supported by a number of multisensory mechanisms that
generate sensory facilitation (Spence et al., 2004), reduction of ambiguity (e.g. by shaping body and
space representation, Serino et al., 2015), perceptual (Maravita et al., 2003a) and action accuracy
(Brozzoli et al., 2010). A classic example of these intersensory effects is the cross modal
congruency effect (CCE; Spence et al., 1998, 2004) where a visual (Pavani et al., 2000; Spense et
al. 20000) or auditory (Serino et al., 2007, 2011) cue happening close to a body part, or approaching
it (Graziano et al., 1997; Canzoneri et al., 2012; Clery et al., 2015; Clery et al., 2017), facilitates the
detection of a tactile stimulus delivered on the corresponding body part (Farné et al., 2005; Brozzoli
etal., 2012).

There is extensive evidence that multimodal fronto-parietal neurons (Fogassi et al., 1992, 1996,
1999) and neurons in the putamen (Graziano and Gross 1993, 1995; Graziano et al., 1994) integrate
visuo-tactile stimuli close to the body and underpin these effects. These neural systems support the
behavioural evidence of somatotopically organised peri-hand (Brozzoli et al., 2012), peri-trunk
(Serino et al., 2015) and peri-face (Ishida et al., 2010; Farne et al., 2005a) spaces. Furthermore,
training to use a rack to retrieve food (lriki et al., 1996) or perform actions (Maravita et al., 2003a,
b) may plastically expand the visual receptive field of visuo-tactile neurons and concurrently
expand the PPS (Farne et al., 2007).

Recent computational models of PPS (e.g., Magosso et al., 2010a, 2010b; Serino et al., 2015)
propose that tactile stimuli on the body and visual or auditory stimuli near the body, but not far
from it, are integrated. These models include unisensory layers for tactile, visual, and auditory
stimuli, which project to multisensory areas with strong synapses tuned to respond preferentially to

near-body stimuli. The synaptic weights of the receptive fields for far-space unisensory visual or



auditory stimuli are weaker, thus limiting activation of multisensory neurons to stimuli occurring
close to the body (Magosso et al., 2010a: Serino et al., 2015). This computational framework
explains in part how multisensory integration in the PPS can support the brain’s ability to represent
near-body space dynamically through these mechanisms of reference frame transformations, which
re-code sensory inputs into body-cantered coordinates (Makin et al., 2013; Noel et al., 2018).

More recently it has been shown that visual cues outside the PPS can still facilitate tactile
processing in case the visual cue appears far from the body but at the location of an intended action
or during its execution (Brozzoli et al., 2009; Noel et al., 2015; Senna et al., 2019; Patané et al.,
2019). This cross modal congruency effect associated with movement execution has been described
also when participants observe other people grasping objects that are associated with them (Patané
et al., 2021). These recent behavioural results open the possibility to imagine that when performing
movements with a partner we need to be extremely accurate in predicting the sensory (visual,
auditory and tactile) consequences of their movements and integrate them with the sensory
consequences of our own movements. While the mere presence of another individual in front of us
is able to “expand” (Serino, 2019) and “contract” the extension of the PPS (Fossataro et al., 2023),
by modulating perception of tactile stimuli over our body (Heed et al., 2010; Thomas et al., 2006;
Fossataro et al., 2023), others have suggested that interacting with others might create a Shared
Action Space (Pezzulo et al., 2013). One possibility is that multisensory events happening in the
space of the interpersonal interaction are processed, and integrated, following different
compatibility rules compared to those at play when being static or moving alone or in front of
another individual but being still.

Here, in three behavioural experiment, we tested the hypothesis that, when on-line coordinating
with others by performing same or opposite reaching and grasping movements, the cross modal
visuo-tactile integration (VTI) effect found during grasping execution (Brozzoli et al., 2009; Patané
et al.,, 2019, 2021; Senna et al., 2019), i.e., the facilitation of tactile processing at the fingertip
associated to the presentation of visual cues appearing on an object at the location of a reaching and
grasping movement, is remapped according to the movement of the interaction partner, not one’s
own. Experiment 1 investigates VTl modulations according to the rules of interpersonal
interactions: we expect that multisensory effects during a joint grasping task are influenced by both
the participant and the partner’s movements as a function of the interaction type. Specifically, when
coordinating in a reach-to-grasp movement, complementary interaction would improve agent’s
detection of incongruent visuo-tactile stimuli compared to an imitative interaction. Experiment 2 is

directed to examine whether the results from the first experiment would be replicated and to test



that the effect is intersensory in nature, rather than driven by visual dominance. Visual dominance
refers to the tendency for visual information to take precedence over information from other
sensory modalities when they are presented simultaneously (Rock & Victor, 1964; Spence &
Driver, 2004). If so, the perception of tactile stimuli might be altered by the presence of
simultaneous visual stimuli, leading to a stronger influence of visual information on the overall
sensory integration process. To test this, we introduced a unisensorial visual condition, in which a
visual cue would be presented in absence of any tactile stimulation. If the results from Experiment 1
are due to a multisensory integration of the visual and tactile stimuli, we should expect a similar
PPS recruitment when visual congruent or incongruent stimuli are presented, but also when visual
and tactile information are combined. Experiment 3 aimed to test the interactive nature of the effect
observed in the previous two studies by introducing an anticipated visuo-tactile stimulus
presentation, delivered when participants couldn't predict the avatar's directional goal yet. If the
effect is modulated by the interacting rules, the performance (measure in reaction times, RTS) in
detecting tactile stimuli during incongruent trials should be contingent on the predictability of the
avatar's reach-to-grasp end location (not in the anticipated visuo-tactile stimuli presentation).
Therefore, when the visuo-tactile stimulus would be presented too early to anticipate the partner’s
movement, we would expect no modulations of VTI. Collectively, these findings could provide new
insights into the flexibility of low-level sensory mechanisms in supporting highly complex tasks

such as interpersonal interactions.

2.1.2. Materials and Methods

This section comprehensively outlines the shared methods employed across the three distinct
experiments, providing an overview of the procedures adopted. In all experiments participants were
involved in an interpersonal motor task while receiving tactile stimuli over their 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 detect as soon as possible the tactile stimulus.

Common Set-up

Interpersonal Reaching and Grasping task
We adapted a well-established human-avatar interactive task, that combined an ecological set-up
with experimental control (Sacheli et al., 2015a; 2015b; 2018; Candidi et al., 2017; Era et al., 2018;



2020; 2023; Gandolfo et al., 2019; Fini et al., 2021). This task had previously demonstrated its
ability to engage the same behavioural mechanisms observed in human-human interactions,
specifically mutual adjustment and automatic imitation (Sacheli et al., 2012; 2013; Candidi et al.,
2015; Curioni et al., 2017; Era et al., 2018; Boukarras et al., 2021). 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 (Figure 2, 6, 9). 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 top, 2.7 cm diameter) or a power grip (on the bottom, 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 10cm away from the midline). Following an auditory signal played through
headphones, 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 Mode 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 behaviour to that of the partner, while grasping in synchrony with it.
One auditory stimulus was associated to the Interactive condition in which participants were
instructed to perform complementary (e.g., if the virtual partner grasped the lower bottle part, the
participant grasped the upper part, and vice versa) or imitative (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)



signalling 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 193 ms. Prior to initiating different conditions, participants were instructed on the
corresponding auditory cues. To ensure participants comprehension of the instructions, a set of try-
outs was conducted before each condition. Once the trial runs were successfully completed, the
actual experiment commenced 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 interaction
modes, the movements, with respect to the partner's grip, could either be Same or Opposite
(Movement Type Factor); depending on whether they grasped the bottle with the same grip or in a
complementary manner relative to the avatar.

The trial timeline was as follows: participants were presented with either the Interactive
(Same/Opposite) or Cued (Up/Down) auditory instruction via headphones, followed by a fixation
cross lasting for 300ms. 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 200ms and 600ms. 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 2000ms. 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 was administered through E-Prime2 Professional

software (Psychology Software Tools Inc.).

Visual Stimuli of the Avatar Reaching and Grasping Movements

As in previous studies (Sacheli et al., 2015; Candidi et al., 2017; Gandolfo et al., 2019; Moreau et
al., 2020; Era et al., 2020; 2023), the kinematic attributes of the virtual partner were derived from
the movements of human participants engaged in different grasping actions with the right dominant
hand within a joint-grasping task involving human-human interactions (refer to Tieri et al., 2015;
Sacheli et al., 2015; Fusaro et al., 2019; for comprehensive technical information about Motion

Capture recording). Motion capture was performed using 10 infrared light-emitting cameras and the



3D positions of 37 passive reflecting markers (5 mm diameter), attached to the participant’s entire
upper body (pelvis, chest, head, left and right arm, and right hand), recorded with a spatial error
below 1.5mm and at a temporal resolution of 120 Hz. Raw data were processed offline using
commercial Vicon MX optical tracking software (Vicon Motion Systems, Oxford, UK) to
reconstruct and label the markers and to interpolate short missing parts of the trajectories. Utilising
MotionBuilder 2017 and 3DS Max 2017 (Autodesk) 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, excluding the
neck and head intentionally to avoid diverting subjects' attention to the virtual partner's facial
expressions. A total of 10 distinct grasping motions were captured in 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. Thus, the 14 clips could be divided into
four conditions (correction/no-correction x power/precision grip): 5 precision grips, 5 power grips,
and 4 corrected trajectories, two per grip. These clips were pre-recorded rather than generated
dynamically but were randomized trial-by-trial to ensure variability within the task. While this
approach maintained an element of variability across trials, it is true that the finite number of clips
may limit the range of naturalistic variability compared to real-life movements. Additionally, all
video stimuli had a duration of approximately 2000 ms, altering the duration of movements between
1600 ms and 2400 ms to better align with participants' behavior and avoid potential habituation
effects. In previous research, a pilot study was conducted to validate the naturalness of the avatar's
movements (Sacheli et al., 2015). Twelve participants rated the avatar’s movements as realistic and
natural (63.8 +24.4 on a visual analogue scales ranging from 0 to 100). Moreover, a two-way
repeated measure ANOVA on the different types of clip (correction/no-correction trajectory x

precision/power grip) did not show any significant difference (all p values >0.2). These findings



suggest that the approach was effective in preserving ecological validity while ensuring
experimental control.

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 task

While performing the grasping task, participants were instructed to react to a tactile stimulation.
Tactile stimulation was administered to participants using a constant-current electrical stimulator
(DSATA, Digitimer Ltd., Welwyn Garden City, United Kingdom). Disposable electrodes were
positioned dorsally on both the index and the thumb (Experiment 1) or the index finger (Experiment
2, 3) of the participants’ right hand with which they performed the prehension movement (see
Interpersonal Reaching and Grasping Task section), maintaining a 1 cm separation between them.
To ascertain stimulus intensity, a tactile threshold procedure (Serino et al., 2011) 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 pressing a keyboard/pedal response.

Synchronously to the tactile stimulation, a visual cue could appear (80 ms duration) in a position
Congruent or Incongruent with respect to the final prehension movement of the participants on their
own object (on the top or bottom of the avatar bottle; Visuo-Spatial Congruency Factor).
Furthermore, since it appeared on the partner's object, the visuo-tactile stimulation generated
another interaction effect with respect to the spatial location of the visual cue and the avatar’s grip.

In Experiment 1, since both index and thumb fingers were tactile stimulated and the visual cue



could appear in a Congruent or Incongruent position relative to the avatar’s final finger position on
its bottle (front or back), we measured another interaction effect with respect to the spatial location
of the visual cue and the avatar’s end-finger position (Visuo-Tactile Congruency Factor). In
Experiment 2, the visual cue could be presented with or without the tactile stimulus (Sensory
Modality Factor). In Experiment 3 the visuo-tactile stimulation could be presented early or late,

relative to the avatar’s movement start (Visuo-Tactile Timing Factor).

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 presented to a cohort 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 error rate was still high. Hence, drawing insight
from the data (Figure 1), 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 experiment has been synchronised at the third fifth of the overall movement

duration.
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Figure 1: Trend of answers from 1/5 to 5/5 of the total movement duration for the pilot study. The chart illustrates
the distribution of responses categorised as "Right," "Wrong," and "Unsure" at each time point from 1/5 to the
completion of the avatar’s movement. Initially, the percentage of correct responses was low (1/5) but steadily increased
until reaching a plain (3/5). Incorrect answers showed an upward trend and were most prevalent at the movement's
onset, decreasing rapidly at 2/5 and eventually disappearing. Therefore, the 3/5 timepoint seemed to represent the
earliest time during the avatar's reach-to-grasp movement at which participants could confidently discern the avatar’s
movement final location.

Dependent Variables and General Statistical Analyses

The dependent variables employed for the statistical analysis in the Visuo-tactile Integration (VTI)
Task comprises the Reaction Times (RTs) for the Tactile Response (in ms), corresponding to the
timing between the appearance of the visuo-tactile stimulation and the discrimination (Experiment
1) or detection (Experiment 2 and 3) response of the participant to the tactile stimulus, measuring
VTI effects in the paradigm.

For the Joint Action Task, we considered as dependent variables the Grasping Asynchrony (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 asynchrony 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 Shapiro-Wilks and Lilliefors test, were generally met.
Accuracy of response (ACC), was considered as the correct discrimination of the tactile stimulation
location (thumb/index; Experiment 1) or detection (index; Experiment 2 and 3) of the tactile
stimulation and execution of the joint grasping (in all Experiments). We employed nonparametric

tests, specifically a Friedman ANOVA, to assess Accuracy.



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
complementary/imitative 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 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 o significance level of 0.05. Post-hoc tests, when applicable, were carried out using the
Bonferroni method.

To examine the relationship between performance in the joint action and visuo-tactile task, we
conducted correlations between the RTs of the VTI and Grasping Asynchrony for the grasping task.
To increase 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), Movement Type
(Same/Opposite) and Visuo-Spatial Congruency (Congruent/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 Movement trials from Same
Movement trials in Interactive Incongruent conditions. This index 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 to the ability to synchronously grasp the
object during the joint action task. Statistical analyses were conducted using Statistica software
(TIBCO Software Inc). Data, code, and materials are accessible upon request.

Experiment 1

In our initial experiment, we explored whether the effects of multisensory integration during a

grasping task were influenced not only by the participant's own movements but also by the actions



of a partner they are interacting with. Specifically, we examined whether when participant's needed
to predict the virtual partner' actions in order to perform their own, a complementary interaction
(where the partner's actions were directed towards different locations of the bottle shaped object)
would enhance the individual's ability to detect tactile stimuli that are visually and spatially
incongruent to his own action, but congruent to the one of the partner, compared to an imitative one
(where the partner's actions were directed towards the same locations of the bottle shaped object), in

which the visuo-tactile stimuli would result incongruent for both the participant and the partner.

Sample

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 (Patané et al., 2021; 2016; Senna
et al., 2019). Accordingly, we conducted a power analysis using MorePower (Campbell, Thomson,
2012) assuming a np2 = 0.21 , o = 0.05, power = 0.8. This yielded to an estimated sample size of 32
participants. A total of 36 individuals (19 females; mean age 25.58 years, ranging from 36 to 18
years old; S.D. = 3.13) participated in the study, but 2 of them were identified as outliers in the VTI
task, while 3 of them in the Joint Action Task and subsequently excluded from all analyses (see
statistical analysis section above), resulting in a final sample of 34 participants for the VTI task and
33 for the Joint Action task.

A total of 32 participants were confirmed as right-handed based on the Standard Handedness
Inventory (Briggs & Nebes, 1975), while the others were left handed. All participants had either
normal or corrected-to-normal vision. Participants were initially kept unaware of the study's
objective and were informed only after completing all experimental procedures. Written informed
consent was obtained from all participant, in conformity to the ethical standards outlined in the

Declaration of Helsinki. Participants were refunded 15 euros for their participation.

Design

In this version of the human-avatar joint action task, experimental subjects were required to detect
as quickly as possible where the tactile stimulation occurred (right hand thumb/index), while
ignoring visual distractors. To report their answer, participants were instructed to use a keyboard,
specifically: their left index finger to press the left arrow key (to indicate a tactile stimulus 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 (Figure 2). 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 (Figure 2). 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).
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Figure 2. Examples of Opposite (A) and Same (B) trials in Experiment 1. There were not only congruences and
incongruencies between the visual cue's appearance along the bottle's vertical axis and the participant's grasping end-
location (Visuo-Spatial Congruency Factor), but also congruences and incongruencies between the stimulated finger

(index/thumb) and the appearance of the yellow dot/half dot (front/back) (Visuo-Tactile Congruency Factor). Note that
the pictures only show index stimulations, but also the thumb was alternatively stimulated in this first experiment.

The entire experiment comprised 480 trials, evenly distributed between Interactive (240 trials) and
Cued (240 trials) interactive conditions, further divided between Opposite (120 trials) and Same
(120 trials) movements. Within these, a subdivision was made between Visuo-Spatial Incongruent
(60 trials) and Visuo-Spatial Congruent (60 trials) movements, reflecting the congruency between
the participant's grasping end 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 Visuo-Tactile Congruent (30 trials) and Visuo-Tactile Incongruent (30 trials) stimulations,
indicating the congruency between finger stimulation (index/thumb) and the dot's position along the
bottle'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 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.

Statistical Analysis

The dependent variables, analyses and inclusion criteria employed for the statistical analysis are the
ones stated in the previous section (see Dependent Variables and General Statistical Analyses). In
the following results sections only the significant effects of interests are extensively reported, while
the other results are reported in tables.

Results of the VTI Task

We conducted a within-subject Analysis of Variance (ANOVA) with the following factors:
Interaction mode (Cued/Interactive), Movement type (Opposite/Same), Visual-Spatial congruency
(VS-Congruent/VS-Incongruent) and Visuo-Tactile congruency (VT-Congruent/VT-Incongruent)
(Table 1).

Table 1. Results of repeated Measures Analysis of Variance on RTs with Effect Sizes (partial eta-squared)
reported. Asterisks flags significant p-values.

SS  Degr. of MS F p Partial eta- Non- Observed
squared centrality power
(alpha=0,05
Effect
Intercept 132 1 132891517 1406.02 0.00* 0.98 1406.02 1.00
891
517
Error 311 33 94516
903
7
Cued*Interactive 572 1 572440 37.21 0.00* 0.53 37.21 1.00
440
Error 507 33 15383
641
Opposite*Same 800 1 8007 9.10 0.00* 0.22 9.10 0.83
7
Error 290 33 879
23
VS 846 1 84669 31.08 0.00* 0.49 31.08 1.00

Congruent*Incongruent 69

Error 898 33 2724
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Interaction * Movement 47 1 47 0.06 0.82 0.00 0.06 0.06
* VT Congruency * VS
Congruency

Error 278 33 845

The 2x2x2 Interaction modes (Cued/Interactive), Visual-Spatial congruency (VS-Congruent/VS-
Incongruent), and Movement type (Opposite/Same) interaction was significant (F(1,33) = 12.88, p
< 0.01, np2 = 0.29) (Figure 3). Post-hoc analyses revealed that the difference between VS-
Congruent and VS-Incongruent stimuli was statistically significant only in the Interactive-Same
condition (p < 0.01), with no such significance in any other within-factor comparisons (all ps =
1.00).

Specifically, it was observed that during the execution of Same movements in the Interactive
condition, participants were faster to detect tactile stimuli during the Congruent Visuo-Spatial
condition (M = 499.05 ms; SD = 86.24 ms) compared to the Visuo-Spatial Incongruent one (M =
574.12 ms; SD = 131.94 ms). This pattern is coherent with the notion that a visual cue appearing on
a location different from the one of the individual’s (and partner) action goal impairs the processing
of a tactile stimulus. Crucially, this effect was not found during the execution of Opposite
movements (p = 0.99), suggesting that during interpersonal online interactions (Interactive mode),
the interference on the discrimination of tactile stimuli generated by spatially Incongruent visual
cues was selectively abolished by coordinating with a partner’s movements that were spatially

incongruent (Opposite) (Figure 3).
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Figure 3. Interaction Mode (Cued/Interactive) x Movement type (Same/Opposite) x Visuo-Spatial Congruency
(VS-Congruent/VS-Incongruent). Asterisks indicate significant differences among conditions. The Tactile Response
(in ms) was longer only in Same Incongruent trials, regardless of the Visuo-Tactile congruency between stimulated
finger and visual cue position on the depth of the avatar’s bottle.

The Visuo-Tactile congruency factor (VT-Congruent/\VVT-Incongruent) exhibited a significant
interaction with the Movement type factor (Same/Opposite) (F(1, 33) = 13.19, p < 0.01, np2=0.29)
(Figure 4). Post-hoc analysis indicated that, during Same movement, Incongruent Visuo-Tactile
trials resulted in a general interference effect (M = 505.51 ms; SD = 81.98 ms) compared to
Congruent ones (M = 490.67 ms; SD = 78.54 ms; p < 0.01).

Hence, the worsening of the performance (i.e., longer response times) was observed when the
participant and the avatar executed the Same movement and the visuo-tactile stimulation was
Incongruent at the finger level (i. e., if the participant felt the tactile stimulus on one finger but saw
the visual cue close to a different finger of the partner). This result suggested that the dominant
incongruity is that related to own finger and not the other's, that an individual is likely to be more
affected by the incongruency related to their own finger rather than the partner's finger. This finding
is in line with thes study of Patané et al. (2021), which also investigate the VT incongruency related

to the individual’s fingers and not to the fingers of an observed agent executing the action.
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Figure 4. Movement type (Same/Opposite) x Visuo-Tactile Congruency (VT-Congruent/VT-Incongruent).
Asterisks indicate significant differences among conditions. The Tactile Response (in ms) showed an incongruence
effect only in Same Incongruent movements.

Results of the Joint Action Task

The 2x2x2 interaction comprehending Interaction modes (Cued/Interactive), Visual-spatial
congruency (VS-Congruent/VS-Incongruent), and Movement type (Opposite/Same) yielded
significant results (F(1,32) = 10.64; p < 0.01; np2 = 0.25)(Table2).

Table 2. Results of repeated Measures Analysis of Variance on Grasping Asynchrony with Effect Sizes (partial
eta-squared) reported . Asterisks flags significant p-values.

SS Degr. of MS F p Partial eta- Non- Observed
squared centrality power

Effect (alpha=0,05)
Intercept 24254497 1 24254497 312.24 0.00* 0.91 312.24 1.00
Error 2485727 32 77679
Cued*Interactive 470671 1 470671 10.82 0.00* 0.25 10.82 0.89
Error 1391830 32 43495
Opposite*Same 6767 1 6767 3.06 0.09 0.09 3.06 0.40
Error 70700 32 2209
VS 29686 1 29686 16.06 0.00* 0.33 16.06 0.97
Congruent*Incongr
uent
Error 59167 32 1849
VT 6016 1 6016 5.90 0.02* 0.16 5.90 0.65
Congruent*Incon
gruent
Error 32648 32 1020
Interaction * 23809 1 23809 15.53 0.00* 0.33 15.53 0.97
Movement
Error 49070 32 1533



Interaction * VS 36748 1 36748 22.56 0.00* 0.41 22.56 1.00
Congruency

Error 52118 32 1629

Movement * VS 38236 1 38236 12.71 0.00* 0.28 12.71 0.93
Congruency

Error 96277 32 3009

Interaction * VT 2412 1 2412 1.76 0.19 0.05 1.76 0.25
Congruency

Error 43921 32 1373

Movement * VT 1002 1 1002 0.65 0.42 0.02 0.65 0.12
Congruency

Error 49071 32 1533

VT Congruency * 192 1 192 0.13 0.72 0.00 0.13 0.06
VS Congruency

Error 48316 32 1510

Interaction * 22609 1 22609 10.64 0.00* 0.25 10.64 0.89
Movement * VS

Congruency

Error 68017 32 2126

Interaction * 1225 1 1225 0.94 0.34 0.03 0.94 0.16
Movement * VT

Congruency

Error 41522 32 1298

Interaction * VT 74 1 74 0.07 0.80 0.00 0.07 0.06
Congruency * VS

Congruency

Error 34978 32 1093

Movement * VT 1747 1 1747 0.91 0.35 0.03 0.91 0.15
Congruency * VS

Congruency

Error 61322 32 1916

Interaction * 200 1 200 0.18 0.67 0.01 0.18 0.07

Movement * VT

Congruency * VS

Congruency

Error 35335 32 1104

Post-hoc analyses revealed that the difference between Congruent-Incongruent Visuo-Spatial
stimuli was statistically significant only in the Interactive-Same condition (p < 0.01), with no such
significance in any other comparisons (all ps = 0.99) and in line with the findings from RTs in the
VTI task.

Specifically, it was observed that in Incongruent Visuo-Spatial conditions participants were more
asynchronous (M = 278.21 ms; SD = 148.81 s) compared to Congruent ones (M = 216.43 ms; SD
= 106.31 ms) while performing Same movements in Interactive mode. This result was not found
for the Opposite movements (p = 0.99), suggesting that during interpersonal online interactions

(Interactive mode), the interference generated by spatially Incongruent visual cues on the



discrimination of tactile stimuli had an effect also on the ability to coordinate with the partner
(Figure 5).
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Figure 5. Interaction Mode (Cued/Interactive) x Movement type (Same/Opposite) x Visuo-Spatial Congruency
(VS-Congruent/VS-Incongruent). Asterisks indicate significant differences among conditions. Grasping
Asynchrony (in ms) is larger only in Same Incongruent trials, regardless of the Visuo-tactile Congruency between
stimulated finger and visual cue position on the depth of the bottle.

It is also observed a main effect of the Visuo-tactile Congruency factor (VT-Congruent/\VT-
Incongruent)(F(1,32) = 5.90; p = 0.02; np2 = 0.16)(Table3). Specifically, it seems that for VT-
Incongruent visuo-tactile stimulations, participants were significantly asynchronous (M = 217.70
ms; SD = 102.37 ms) than during the VT-Congruent ones (M = 210.95 ms; SD = 97.48 ms), in
line with the findings from RTs in the VTI task.

Accuracy

The 2x2x2x2 Friedman ANOVA on Accuracy resulted significant (x> = 96.89; p < 0.01). We thus
conducted Wilcoxon Matched Pairs Tests, correcting the significance level for (4) multiple
comparisons (p < 0.01) to mitigate the risk of false positives (Table 3). The analysis revealed
significant differences in participants' accuracy depending on the congruency between visual-

spatial (VS) and visual-tactile (VT) information across various movement conditions.



Table 3. Wilcoxon Matched Pairs Test on Accuracy. Here reported only significant tests (p <0.01)

Variables Valid t z p-value
Cued, Opposite, VS-Congruent, VT-Congruent *

Interactive, Opposite, VS-Congruent, VT-Congruent 29 85.500 2.854 0.004
Cued, Same, VS-Incongruent, VT-Congruent *

Interactive, Same, VS-Incongruent, VT-Congruent 27 56.500 3.183 0.001
Cued, Same, VS-Incongruent, VT-Incongruent *

Interactive, Same, VS-Incongruent, VT-Incongruent 32 61.000 3.796 0.000
Interactive, Opposite, VS-Congruent, VT-Congruent *

Interactive, Same, VS-Congruent, VT-Congruent 29 64.500 3.308 0.001
Interactive, Opposite, VS-Incongruent, VT-Congruent *

Interactive, Same, VS-Incongruent, VT-Congruent 31 115.000 2.606 0.009
Interactive, Same, VS-Congruent, VT-Congruent *

Interactive, Same, VS-Incongruent, VT-Congruent 27 29.000 3.844 0.000
Interactive, Same, VS-Congruent, VT-Incongruent *

Interactive, Same, VS-Incongruent, VVT-Incongruent 30 51.000 3.733 0.000

The analyses showed that participants performed significantly worse during Opposite movements
when the visual cue appeared on the Congruent side relative to both the hand's final position on
the bottle (\VVS-congruent) and the stimulated finger (VT-congruent), in the Interactive (M = 15.74;
SD = 2.08) compared to the Cued condition (M = 16.94; SD = 1.69; p = 0.004). In the Same
movement condition, accuracy decreased significantly when the visual cue appeared on the
incongruent side relative to the final hand position (VS-Incongruent) but congruent to the
stimulated finger (VT-Congruent), in the Interactive (M = 14.71; SD = 2.94) compared to the
Cued condition (M = 16.71; SD = 2.43; p = 0.001). Performance further deteriorated when both in
the visual-spatial and visual-tactile conditions the stimuli were incongruent (p < 0.01) in the
Interactive (M = 14.06; SD = 2.85) compared to the Cued condition (M = 16.56; SD = 2.32; p <
0.01).

Within the Interactive mode, participants' accuracy was worse during Opposite movements (M =
15.74; SD = 2.08) compared to Same (M = 17.18; SD = 2.21) when both VS and VT were
congruent (p = 0.001). Interestingly and in line with the findings of the RTs, the performance
reversely deteriorated when the visuo-tactile stimulation was congruent (p = 0.009) in the
execution of Same (M = 14.71; SD = 2.94) compared to Opposite movements (M = 15.97; SD =
2.13 p = 0.009). Accuracy also declined in Interactive-Same movements when: 1) the visuo-tactile
stimulation was VT-Congruent for VS-Incongruent (M = 14.71; SD = 2.94) compared to VS-
Congruent (M = 17.18; SD = 2.21; p < 0.01); 2) when the visuo-tactile stimulation was VT-



Incongruent for VS-Incongruent (M = 14.06; SD = 2.85) compared to VVS-Congruent (M = 15.79;
SD =2.13; p<0.01).

In summary, the results suggest that participants performed significantly worse when there were
incongruencies between visual-spatial and visual-tactile information, especially during Same
movements. The greatest accuracy decline occurred when both VS and VT cues were incongruent,
though a notable reduction was also observed in conditions of VS congruence paired with VT

incongruence.

Discussion

This first experiment aimed at clarifying whether the effect of incongruent visual, spatial and
tactile events VTI in one’s own PPS and expanding to far visual stimuli during reaching and
grasping movements (Brozzoli et al., 2009), is modulated by the movements of a partner when
acting together. The results highlight that the spatial incongruency between participants’
stimulated finger and the location of visual cue position on the partner's object led to a decline in
performance (RTs and Accuracy) when detecting the tactile stimuli and in synchronising with the
movements of the partner. Specifically, the interfering effect of the visual cue manifested only
when it was necessary to predict the partner's actions (Interactive Mode), during imitative actions
(Same Movement). In contrast, during complementary actions (Opposite Movement), the
interfering effect of the visual cue was abolished when presented in an Incongruent space portion
relative to where the subject needs to grasp, but congruent to the end location of the partner
movement. This could occur because the participant was predicting the partner's action, whose
end-movement position corresponded with the space portion where the incongruent visual cue was
presented. These results seem to imply that during interpersonal interactions, visuo-tactile stimuli
are influencing each other according to the partner's movement, suggesting that intersensory
effects are due to an interpersonal motor interactive rule when performing joint actions.

When considering imitative movement in Congruent visuo-spatial conditions, the interferent VTI
effect replicated and confirmed Patane et al. (2021) findings. Indeed, if we attempt to "replicate”
Pataneé et al. (2021), conducting an ANOVA only on imitative (in which the avatar grasp the same
portion of the object, as the participant, performing the same movement) Visual-Spatially
Congruent trials (in which the visual stimuli would appear in the correspondent portion of the
object grasped by the avatar and the participant), we replicated the established VTI effect during

grasping actions (related to the correspondence between stimulated finger and the final finger



position on the object). The Incongruent Visuo-Tactile trials (with respect to the subject's
stimulated finger)(M= 511.60; SD = 88.13) were always interfered compared to Congruent ones
(M= 486.49; SD = 88.25) (F (1,33) = 15.75, p < 0.01) (Figure 5). However, in our experiment it is
important to notice that the visual cue was presented on the partner’s object. This suggested that
the VTI effects found in Patane et al. (2021) for own objects were extended to the companion’s
one while interacting. However, in our experiment it is important to notice that the visual cue was
presented on the partner’s object. This suggested that the VTI effects found in Patané et al. (2021)
for own objects were extended to the companion’s one while interacting. Hence, these results
might shed light on the nature of low-level motor encoding of interactions in shaping intersensory
effects and the social role of PPS.

Experiment 2

To ascertain whether the observed visuo-spatial effects in Experiment 1 were not due to
participants only paying attention to the visual cue and ignoring the tactile one, but rather reflected
genuine intersensory interactions, we conducted a second study including a visual alone condition.
Since vision is known to overshadow other sensory modality presented simultaneously (Rock &
Victor, 1964; Spence & Driver, 2004), we intended to study whether asking to participants to
detect the visual cue, or the tactile one would lead to smilar pattern of results. To test this, we
introduced a uni-sensorial Visual condition, in which a visual cue would be presented in absence
of any tactile stimulation. Experiment 2 was aimed to investigate whether the incongruence
effects for visual stimuli (unisensory Visual modality) would emerge alongside visuo-tactile

stimuli (Visuo-Tactile modality).

Sample

The choice of the sample size was selected through a statistical power analysis (Cohen, 2013)
performed with the software More Power 6.0.4 (Campbell, Thomson, 2012). The expected effect
size is the partial eta square (np2 = 0.29) value, from Experiment 1). The output indicates that in a
2x2x2x2 within factors design, a power of 0.8 and an eta squared of 0.29, requires a sample size of
22 participants. A total of 28 individuals participated in the study, but 4 of them were identified as
outliers (see statistical analysis section above) and were subsequently excluded from all analyses.
A final sample of 24 participants took part in the research. All participants (19 females; mean age

25.93 years £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 (Briggs & Nebes, 1975), and all participants had either normal
or corrected-to-normal vision. Written informed consent was obtained from all the individuals
who took part in the study. The experimental protocols adhered to the ethical standards outlined in

the Declaration of Helsinki.

Design

The experiment consisted in a modified version of the task employed in Experiment 1, with two
main condition: (1) the Visuo-Tactile, 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) the Visual, 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 visuo-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 only appeared on the front of the avatar’s bottle (in the upper/lower part)
relative to Experiment 1 (Figure 6).

The experiment comprised a total of 192 trials. 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 movement as the avatar, while the remaining half (48 each) the
Opposite. Furthermore, half were Congruent (24) and half were Incongruent (24) trials within the
Same and Opposite movement trials. Among the 24 Visuo-Spatial 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.

2339



Figure 6: Illustrations of the (A) Opposite and (B) Same movement types trials. As depicted, the visual cue could
result in a congruency or incongruency with the participant's grasping action, the virtual partner's action, or both
(Visuo-Spatial Congruency).

Statistical Analysis
The dependent variables, analyses and inclusion criteria employed for the statistical analysis are
the same as in Experiment 1. In the following results sections only the significant effects of

interests are extensively reported, while the other results are showed in tables.

Results of the VTI Task

The following factors were considered: Interaction modes (Cued/Interactive), Sensory modality
(Visual/Visuo-tactile), Visual-Spatial congruency (VS-Congruent/VS-Incongruent), Movement
type (Opposite/Same) (Table 4). The analyses revealed a main effect of Sensory Modality (F(1,23)
=9.44, p = 0.01, np2 = 0.29), indicating significantly reduced RTs in the Visual condition (M =
324.32; SD = 34.80) compared to the Visuo-tactile one (M = 359.70; SD = 22.23).

Table 4. Results of repeated Measures Analysis of Variance on RTs with Effect Sizes (partial eta-squared)
reported. Asterisks flags significant p-values.

SS Degr. of MS F p Partial Non- Observed
eta- centrality power

Effect squared (alpha=0,05)
Intercept 40503505 1 40503505 905.52 0.00* 0.98 905.52 1.00
Error 1028775 23 44729

Visual * Visuo-tactile 82063 1 82063 9.44 0.01* 0.29 9.44 0.84
Error 199988 23 8695

Cued * Interactive 168269 1 168269 22.45 0.00* 0.49 22.45 0.99
Error 172384 23 7495

Opposite * Same 13192 1 13192 10.18 0.00* 0.31 10.18 0.86
Error 29800 23 1296

VS Congruency 21842 1 21842 23.97 0.00* 0.51 23.97 1.00
Error 20958 23 911

Sensory Modality * 7765 1 7765 1.83 0.19 0.07 1.83 0.25
Interaction

Error 97589 23 4243

Sensory Modality * 2095 1 2095 1.37 0.25 0.06 1.37 0.20
Movement

Error 35298 23 1535

Interaction * Movement 7569 1 7569 7.19 0.01* 0.24 7.19 0.73
Error 24226 23 1053

Sensory Modality * VS 8 1 8 0.01 0.93 0.00 0.01 0.05

Congruency



Error 21153 23 920

Interaction * VS 1355 1 1355 1.62 0.22 0.07 1.62 0.23
Congruency

Error 19273 23 838

Movement * VS 7898 1 7898 7.17 0.01* 0.24 7.17 0.73
Congruency

Error 25318 23 1101

Sensory Modality * 340 1 340 0.37 0.55 0.02 0.37 0.09
Interaction * Movement

Error 20995 23 913

Sensory Modality * 1690 1 1690 1.98 0.17 0.08 1.98 0.27
Interaction * VS

Congruency

Error 19627 23 853

Sensory Modality * 1088 1 1088 1.13 0.30 0.05 1.13 0.17
Movement  * VS

Congruency

Error 22219 23 966

Interaction * Movement 6589 1 6589 5.87 0.02* 0.20 5.87 0.64
* VS Congruency

Error 25816 23 1122

Sensory Modality — * 236 1 236 0.53 0.47 0.02 0.53 0.11

Interaction * Movement *
VS Congruency

Error 10170 23 442

The 2x2x2 interaction involving Interaction mode (Cued/Interactive), Movement type
(Same/Opposite), and Visuo-Spatial Congruency (VS-Congruent/VS-Incongruent), resulted
significant (F(1,23) = 5.87, p = 0.02, np? = 0.20) (Figure 8), replicating Experiment 1 findings.
Post-hoc analyses revealed that the difference between Congruent and Incongruent Visuo-Spatial
stimuli was statistically significant only in the Interactive-Same condition (p < 0.01), with no such
significance in any other within-factor comparisons (all ps = 0.99).

Specifically, it was observed that in Incongruent Visuo-Spatial conditions participants were slower
(M = 374.11 ms; SD = 85.26) compared to Congruent ones (M = 337.91; SD = 57.54) while
performing Same movements in Interactive mode (Figure 7). These results replicate the findings of
Experiment 1. Importantly, the main effect of Sensory modality suggests that participants were
actually following the instructions and showed faster RTs when detecting the visual cues compared
to when detecting the tactile stimulus. However, the two modalities generated similar pattern of

results suggesting that also tactile processing was affected by impending visual cues.



Movement Type

Opposite Same
600 PP 600 —
500 - 500
400 - -, N 400 o .d
8 ° o/
—~ 300 X * i \ 300 | &% !"
@
g ® R &% . .h. o." g)
200 - 200 o @
c Qa I
= — - —+
7 100 100 g
| 2
— . N o
€ 500 % . 500 > =
= 00 :0 K . > §
400 - 400 —
Q - >
2 30 ¥e 3¢ 300 1 o8 : -
- . jl =
200 . 200 - o o a
100 100 — 5
0- 0
[ 1 [ 1
Congruent Incongruent Congruent Incongruent
VisuoSpatial VisuoSpatial

Figure 7. Interaction mode (Cued/Interactive) x Movement type (Same/Opposite) x Visuo-Spatial Congruency
(VS-Incongruent/VS-Congruent). Asterisks indicate significant differences among conditions. When participants
needed to predict the partner’s movement, even if the stimuli was Visuo-Spatially Incongruent relative to their own
end-position, they were as fast in detecting the stimuli as in Congruent conditions, regardless of the Sensory modality.
This only happened for Opposite movements in Interactive modes, when the partner’s end-location was Congruent
with the visual cue location. While, for Same movements, the classical VTI effect emerged when Incongruent
visual/visuo-tactile cues were presented.

Results of the Joint Action Task

The 2x2x2 interaction between Interaction modes (Cued/Interactive), Visual-spatial congruency
(Congruent/Incongruent), and Movement type (Opposite/Same) vyielded significant results
(F(1,23) =4.83; p = 0.04; np2= 0.17)(Table 5).

Table 5. Results of repeated Measures Analysis of Variance on Grasping Asynchrony with Effect Sizes (partial
eta-squared) reported (RTs). Asterisks flags significant p-values.

SS Degr. of MS F p Partial Non- Observe
eta- centralit  d power
square y (alpha=0,

Effect d 05)
Intercept 14369919 1 143699 381.86 0.00* 0.94 381.86 1.00
Error 865517 23 376%?

Visual * Visuo-tactile 2487 1 2487 0.42 0.52 0.02 0.42 0.10
Error 136392 23 5930

Cued * Interactive 51675 1 51675 5.17 0.03* 0.18 5.17 0.59

Error 229913 23 9996



Opposite * Same 1617 1 1617 0.72 0.40 0.03 0.72 0.13
Error 51480 23 2238

VS Congruency 892 1 892 0.90 0.35 0.04 0.90 0.15
Error 22875 23 995

Sensory Modality * Interaction 36 1 36 0.01 0.93 0.00 0.01 0.05
Error 102395 23 4452

Sensory Modality * Movement 1998 1 1998 1.47 0.24 0.06 1.47 0.21
Error 31154 23 1355

Interaction * Movement 66 1 66 0.04 0.84 0.00 0.04 0.05
Error 37134 23 1615

Sensory Modality * VS Congruency 1363 1 1363 0.82 0.37 0.03 0.82 0.14
Error 38088 23 1656

Interaction * VS Congruency 1943 1 1943 2.35 0.14 0.09 2.35 0.31
Error 19049 23 828

Movement * VS Congruency 48924 1 48924 36.64 0.00* 0.61 36.64 1.00
Error 30710 23 1335

Sensory Modality * Interaction * 2565 1 2565 1.68 0.21 0.07 1.68 0.24
Movement

Error 35102 23 1526

Sensory Modality * Interaction * VS 2089 1 2089 1.78 0.19 0.07 1.78 0.25
Congruency

Error 26948 23 1172

Sensory Modality * Movement * VS 16 1 16 0.02 0.88 0.00 0.02 0.05
Congruency

Error 15130 23 658

Interaction * Movement * VS 6532 1 6532 4.83 0.04* 0.17 4.83 0.56
Congruency

Error 31106 23 1352

Sensory Modality * Interaction * 600 1 600 0.83 0.37 0.03 0.83 0.14
Movement * VS Congruency

Error 16720 23 727

Post-hoc analyses, however, revealed that while no significant difference emerged between
Congruent-Incongruent Visuo-Spatial stimuli in the Interactive condition (p > 0.05), it is observed
for both Opposite (p = 0.02) and Same movements (p = 0.01) in the Cued one.

Particularly, in Incongruent Visuo-Spatial conditions participants were more asynchronous (M =
199.00 ms; SD =54.21) compared to Congruent ones (M = 169.63; SD = 57.23) while performing
Opposite movements in Cued mode, suggesting that the classical incongruence effect was present
when not predicting and online coordinating with the partner and had an effect on the ability to
synchronise with the partner. In contrast, Incongruent Visuo Spatial trials (M = 163.24 ms; SD =
61.11) compared to Congruent ones (M = 195.52; SD = 48.32) resulted in significantly increased
synchronization with the partner, suggesting that the incongruence effect when not predicting and
online coordinating with the partner is mitigated, leading to improved synchronization despite the

visuo-tactile spatial mismatch.
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Figure 8. Interaction Mode (Cued/Interactive) x Movement type (Same/Opposite) x Visuo-Spatial Congruency
(VS-Incongruent/VS-Congruent). Asterisks indicate significant differences among conditions. Grasping
Asynchrony (in ms) is larger in Opposite Incongruent trials only in Cued mode.

Accuracy

For the Accuracy, no significant effect was found in the Friedman Anova (x? = 16.57 p = .35).

Discussion

The second experiment was designed to investigate whether the effects from Experiment 1 were
intersensory in nature and to confirm the modulating role of the partner’s movement on visuo-
tactile integration processes. When the visuo-spatial motor condition was incongruent (e.g., the
participant reaches for an object on the upper/lower portion and the visual cue appears on the
opposite one) we would expect a reduced performance (RTs) in detecting a sensory stimulus, in
both the unimodal and multimodal condition.

The results show that when there was incongruence between the participant’s stimulated finger
and the visual cue on the partner's object, performance in discriminating tactile stimuli declined
(slower RTs). The visual cue's position on the partner's object influences the participant's tactile

response only during imitative actions (Same Movement), modulating the VTI effects, but not



during complementary actions (Opposite Movement) when interacting. This was true for both the
Visual and Visuo-Tactile sensory modalities, speaking in favour of the notion that the visual and
tactile cues are integrated, otherwise a persistence of the visual cue interference on the ability to
perceive a tactile stimulus during complementary movements was to be expected, rather than its
integration.

Another result speaking in favour of a multisensory modulation in the Visuo-tactile condition, is
the main effect of Sensory-modality, indicating a significantly reduced RTs in the Visual
condition that could be interpreted in light of Fossataro et al. (2023) recent findings. In their
findings, the authors report that when the visual cue is presented near the hand of somebody else
in a visuo-tactile stimulation, the typical facilitation observed in multisensory conditions for
congruent stimuli is abolished. This suggests that the proximity of another body of the visual cue
can induce a ‘shrinkage’ of the PPS, thereby influencing the speed and efficiency of the sensory
integration of asynchronously presented tactile stimuli. In our case, this framework could explain
why the unisensory modality might enhance the efficiency of visual processing alone, compared to
the multisensory one. Considering that our visual cues is presented on the other’s object, this
findings by Fossatatro et al. (2023), might support our results, suggesting that the sensory
modality's influence on RTs could be affected by the spatial positioning of stimuli relative to
social co-agents action plan.

The general observed results pattern suggested that a participant's capacity to recognize visual
cues during interpersonal interactions was influenced by the spatial congruency of these cues to
both the participant's and the partner's movements. This implied that the predicting the partner's
movements primed specific spatial locations, potentially heightening visual attention towards
those areas. Importantly, increased visual attention was also manifested in the participant's tactile
perception abilities. When continuously predicting the actions of others to perform complementary
interactions (e.g., the agent reached for an object on one side and the partner reached for it on
another side, where the visual cue appeared), congruency rules were modulated, so that an
Incongruent visual stimulus with the respect to the action performed by the agent (e.g. the agent
grasped the lower part of the bottle-shaped object and the visual cue appeared on the upper part of
the partners’ object) were processed as a Congruent stimulus, if the agent was predicting a
complementary action of the partner (e.g. the partner was going to grasp the upper part of the
bottle-shaped object, where the visual cue appeared). These findings seem to suggest that VTI is

remapped by the rules of interpersonal motor interactions replicating the Experiment 1 results.



Furthermore, the observed results are not due to a visual dominance, but seem to be related to an

actual integration of visual and tactile stimuli.

Experiment 3

In the previous studies, participants received visual cues or visuo-tactile stimulations in a specific
time window during the interaction. In this time window participants were able to predict the
avatar's grasping end-location, as demonstrated in the pilot (see pilot section). In this experiment,
we introduced another earlier stimulus presentation (where participants couldn't predict the
avatar's directional goal) to the one implemented in the previous two experiments. Our hypothesis
is that the facilitation of performance (RTs) in detecting tactile stimuli in incongruent trials during
opposite movements—specifically, the abolishment of the visuo-spatial incongruency effect—

would only occur in conditions where the avatar's reach-to-grasp end location is predictable.

Sample

The sample size was selected through the same statistical power analysis (Cohen, 2013) performed
with the software More Power 6.0.4 (Campbell, Thomson, 2012) as in Experiment 2. 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 (11 females; mean age 24.65 years, ranging from 21 to 30 years old; S.D. = 2.72)
were confirmed as right-handed based on the Standard Handedness Inventory (Briggs & Nebes,
1975), and had either normal or corrected-to-normal vision. Participants were initially kept
unaware of the study's objective and were informed only after completing all experimental
procedures. Written informed consent was obtained from all participants in line to the ethical

standards outlined in the Declaration of Helsinki.

Design

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

modality 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 aimed
location of the avatar’s movement could be detected, corresponding to the 1/5 of the avatar’s
movement start (Figure 9); and 2) Late presentation, when the avatars’ movement direction could
be accurately predicted, corresponding to the 3/5 of the avatar’s movement start.

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 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 presentation. 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.

LR

Figure 9. Example of different trials in which an Early visuo-tactile stimulation was delivered to the participants.

Statistical Analysis
The dependent variables, analyses and inclusion criteria employed for the statistical analysis are
the same as in Experiment 1 and 2. In the following results sections only the significant effects of

interests are extensively reported, while the other results are showed in tables.

Results of the VTI Task

The structure of the within-subject 2x2x2x2 Analysis of Variance (ANOVA) on RTs comprehend
the following Factors and Conditions: Interaction modes (Cued/Interactive), Movement type
(Opposite/Same), Visual-Spatial Congruency (VS-Congruent/\VVS-Incongruent) and Visuo-Tactile
Timing (Early/Late) (Table 6, Figure 10).



Table 6. Results of repeated Measures Analysis of Variance on RTs with Effect Sizes (partial eta-squared)
reported. Asterisks flags significant p-values.

SS Degr. of MS F p Partial Non- Observed
eta- centrality power
squared (alpha=0,0
Effect 5)
Intercept 5857996 1 58579968 1465.16 0.00* 0.99 1465.16 1.00
8

Error 679692 17 39982
Cued*Interactive 188819 1 188819 30.21 0.00* 0.64 30.21 1.00
Error 106244 17 6250
Opposite*Same 256 1 256 0.18 0.67 0.01 0.18 0.07
Error 23874 17 1404
VS 1332 1 1332 0.55 0.47 0.03 0.55 0.11
Congruent*Incongruent
Error 40983 17 2411
Early * Late 356186 1 356186 19.15 0.00* 0.53 19.15 0.98
Error 316206 17 18600
Interaction * Movement 697 1 697 0.36 0.56 0.02 0.36 0.09
Error 33074 17 1946
Interaction * VS 51 1 51 0.06 0.82 0.00 0.06 0.06
Congruency
Error 15779 17 928
Movement * VS 35203 1 35203 9.46 0.01* 0.36 9.46 0.83
Congruency
Error 63253 17 3721
Interaction * VT Timing 5855 1 5855 0.92 0.35 0.05 0.92 0.15
Error 107697 17 6335
Movement * VT Timng 480 1 480 0.27 0.61 0.02 0.27 0.08
Error 30573 17 1798
VT Timing * VS 443 1 443 0.26 0.62 0.01 0.26 0.08
Congruency
Error 29283 17 1723
Interaction * Movement * 8320 1 8320 7.71 0.01* 0.31 7.71 0.74
VS Congruency
Error 18335 17 1079
Interaction * Movement * 1257 1 1257 0.52 0.48 0.03 0.52 0.10
VT Timing
Error 40906 17 2406
Interaction * VS 497 1 497 0.31 0.59 0.02 0.31 0.08
Congruency * VT Timing
Error 27337 17 1608
Movement * VS 287 1 287 0.12 0.73 0.01 0.12 0.06
Congruency * VT Timing
Error 39827 17 2343
Interaction * Movement * 268 1 268 0.19 0.67 0.01 0.19 0.07
VS Congruency * VT
Timing
Error 24121 17 1419

However, the effects of Visual-spatial congruency (VS-Congruent/VVS-Incongruent) and

Movement type (Opposite/Same) only become significant once the partner's movement reaches a



point where the direction is clear, making the instructions Opposite/Same meaningful, and the
Visuo-Spatial Congruency factor relevant. To ensure participants were executing the task correctly
in the early visuo-tactile timing, i.e., responding promptly, we investigated the significant main
effect of Visuo-Tactile Timing (F(1,17) =19.15, p <0.01).
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Figure 10. Movement type (Same/Opposite) x Visuo-Spatial Congruency (VS-Congruent/VS-Incongruent) x
Visuo-Tactile Timings (Early/Late) in Interactive Mode . No significant difference was found in Tactile Response
(in ms) between the Visuo-Tactile Timings.

Reaction times were significantly slower in the Early timings (M = 486.17; SD = 69.46) compared
to the Late ones (M = 415.83; SD = 49.98). These RTs indicated that participants waited before
responding and their average answering time almost overlapped to the timing of the Late visuo-
tactile stimulation (= 600 ms from avatar movement start), instead of the Early one. Hence, our
belief is that participants did not have fully adhered to the instructions, possibly due to the
challenge of reacting to visuo-tactile cues at a very early stage of the reaching movement. The
lack of interaction between the Visuo-Tactile Timing and the other factors should be interpreted
cautiously, therefore the significant main effect of Visuo-Tactile Timing led to separate ANOVAs

for Early and Late intervals, reported below (Table 7).



Table 7. Results of repeated Measures Analysis of Variance on RTs with Effect Sizes (partial eta-squared)
reported in Late Timings. Asterisks flags significant p-values.

SS Degr. of MS F p Partial eta- Non- Observed
squared centrality power

Effect (alpha=0,05)
Intercept 24900 1 24900 1246.19  0.00* 0.99 1246.19 1.00

217 217
Error 33967 17 19981

8

Cued*Interactive 64087 1 64087 20.71  0.00* 0.55 20.71 0.99
Error 52599 17 3094
Opposite*Same 18 1 18 0.02 0.90 0.00 0.02 0.05
Error 17214 17 1013
VS 119 1 119 0.15 0.70 0.01 0.15 0.07
Congruent*Incongruen
t
Error 13423 17 790
Interaction * Movement 1912 1 1912 1.50 0.24 0.08 1.50 0.21
Error 21633 17 1273
Interaction * VS 434 1 434 0.42 0.53 0.02 0.42 0.09
Congruency
Error 17564 17 1033
Movement * VS 20926 1 20926 13.45 0.00* 0.44 13.45 0.93
Congruency
Error 26452 17 1556
Interaction * 5789 1 5789 4.83 0.04* 0.22 4.83 0.55
Movement * VS
Congruency
Error 20356 17 1197

The 2x2x2 ANOVA on RTs (Interaction mode (Cued/Interactive), Movement type
(Same/Opposite), Visuo-Spatial Congruency Relative to Own Action (Congruent/Incongruent) for
Late visuo-tactile stimulation Timing (Figure 11), showed a significant interaction (F(1,17) =

4.83, p = 0.04, np2 = 0.22), thus replicating the findings of Experiment 1 and 2.
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Figure 11. Interaction mode (Cued/Interactive) x Movement type (Same/Opposite) x Visuo-Spatial Congruency
(VS-Incongruent/VS-Congruent) in Late Visuo-Tactile Timings. Asterisks indicate significant differences among
conditions. Results from experiment 1 and 2 were replicated: when participants were required to anticipate their
partner's movements, they exhibited comparable response times in detecting the visuo-tactile stimuli, even when the
stimuli are incongruent with their own anticipated final position on the bottle. This phenomenon was observed
specifically in the case of Opposite movements, whereas for Same movements, the traditional VTI effect for
incongruent trials was found.

Post hoc, however, revealed no significant difference between Congruent-Incongruent Visuo-
Spatial stimuli in the Interactive condition for Same movements (p > 0.05). Nevertheless, the
Same Incongruent condition resulted significantly slower (M = 481.67; SD = 100.61) than the
Opposite one (M = 431.61; SD = 79.96) in the Interactive mode, replicating the findings from
Experiment 1 and 2, and confirming that VTl modulations are not found for complementary
movements in interaction, where the incongruent avatar grip compensates for the incongruency of
the visuo-tactile stimulation.

No significant interaction was found in the 2x2x2 ANOVA (Interaction mode (Cued/Interactive),
Movement type (Same/Opposite), Visuo-Spatial Congruency Relative to Own Action

(Congruent/Incongruent) for Early visuo-tactile Timing (p = 0.16) (Table 8).

Table 8. Results of repeated Measures Analysis of Variance on RTs with Effect Sizes (partial eta-squared)
reported in Early Timings. Asterisks flags significant p-values.



SS Degr. MS F p Partial Non- Observed
of eta- centrality power
squared (alpha=0,

Effect 05)
Intercept 34035937 1 34035937 881.73 0.00* 0.98 881.73 1.00
Error 656219 17 38601
Cued*Interactive 130588 1 130588 13.76 0.00* 0.45 13.76 0.94
Error 161342 17 9491
Opposite*Same 718 1 718 0.33 0.57 0.02 0.33 0.08
Error 37233 17 2190
VS 1655 1 1655 0.49 0.49 0.03 0.49 0.10
Congruent*Incongruent
Error 56842 17 3344
Interaction * Movement 41 1 41 0.01 0.91 0.00 0.01 0.05
Error 52347 17 3079
Interaction * VS 115 1 115 0.08 0.79 0.00 0.08 0.06
Congruency
Error 25552 17 1503
Movement * VS 14564 1 14564 3.23 0.09 0.16 3.23 0.40
Congruency
Error 76629 17 4508
Interaction * Movement * 2800 1 2800 2.15 0.16 0.11 2.15 0.28
VS Congruency
Error 22100 17 1300

Results of the Joint Action Task

The 2x2x2 ANOVA conducted on Grasping Asynchrony (in ms) implying that the interplay

between Interaction modes (Cued/Interactive), Movement type (Opposite/Same), Visual-spatial

congruency (Congruent/Incongruent) separately for the Visuo-tactile Timing factor, showed no

significance at the highest-order interaction for both Early (p = 0.49) and Late (p = 0.55) Timings

(Table 9).

Table 9. Results of repeated Measures Analysis of Variance on Grasping Asynchrony with Effect Sizes (partial
eta-squared) reported . Asterisks flags significant p-values.

Late Timings Early Timings
SS De MS F p Parti Non-  Observe SS D MS F p Partia  Non- Observ
or. al centrali d power eg | eta- centrali ed
of eta- ty (alpha= r. squar ty power
squar 0,05) of ed (alpha=
ed 0,05)
Effect
Intercept 77784 1 77784 178. 0.00 0.91 178.27 1.00| 68732 1 68732 159. 0.00* 0.90 159.06 1.00
37 37 27 * 45 45 06
Error 74174 17 43632 73460 17 43212
7 9
Cued*Interactive 37082 1 37082 286 0.11 0.14 2.86 0.36 | 19442 1 19442 7.72 0.01* 0.31 7.72 0.75
3 3
Error 22004 17 12944 42810 17 25183



6 9

Opposite*Same 1664 1 1664 0.60 0.45 0.03 0.60 0.11 38 1 38 0.02 0.89 0.00 0.02 0.05
Error 46875 17 2757 34485 17 2029
VS 6716 1 6716 3.14 0.09 0.16 3.14 0.39 6 1 6 0.00 0.95 0.00 0.00 0.05
Congruent*Incon
gruent
Error 36303 17 2135 24454 17 1438
Interaction * 4060 1 4060 1.27 0.27 0.07 1.27 0.19 93 1 93 0.06 0.80 0.00 0.06 0.06
Movement
Error 54152 17 3185 25231 17 1484
Interaction * VS 14520 1 14520 9.02 0.01 0.35 9.02 0.81 1685 1 1685 0.72 0.41 0.04 0.72 0.13
Congruency *
Error 27356 17 1609 39773 17 2340
Movement * VS 10386 1 1038 7.09 0.02 0.29 7.09 0.71 256 1 256 0.07 0.79 0.00 0.07 0.06
Congruency *
Error 24889 17 1464 58466 17 3439
Interaction * 666 1 666 0.36 0.55 0.02 0.36 0.09 926 1 926 0.50 0.49 0.03 0.50 0.10
Movement * VS
Congruency
Error 31120 17 1831 31316 17 1842

Accuracy

The Accuracy shows no significant effect in the Friedman Anova (x? = 10.73; p = .77).

Discussion

The third study was aimed to replicate the findings of the previous ones and to confirm whether
the representation of the PPS was modulated by the prediction of the movement that was about to
be made while interacting. The present results showed that only for visuo-tactile stimulation
presented at a timing in which participants were able to predict the partner’s movement (Late),
PPS seemed to be recruited. Specifically, VTI modulations are found only for the Interactive mode
in Late visuo-tactile timings and not in Early ones. Again, the facilitatory effect for the detection
of Congruent over Incongruent visuo-tactile stimuli was only present for imitative (Same)
movements, compared to Opposite ones, in which was abolished.

Moreover, we observed that participants who took longer to detect tactile stimuli also showed
delays in synchronizing their grasping actions with the avatar, indicating the impact of tactile
processing speed on coordination.

These findings suggest that interactions and, specifically, the ability to anticipate the partner’s
movement, influenced the VTI effect here reported. PPS recruitment was involved only when the
person was able to understand and predict the partner’s movement direction, thus promoting the

integration of one's own PPS representation with those of the partner. Furthermore, efficient tactile



integration was found to be crucial for maintaining synchronized interactions during joint actions,
especially when dealing with incongruent visuo-tactile stimuli.

These findings corroborate the previous results described in Experiment 1 and 2. Overall, these
results supported our hypotheses that while actively interacting, multisensory mechanisms seemed
to be related to a motor encoding and resonance of the partner’s movement, allowing one to adapt

and adjust to the other’s action.

Relationship Between Visuo-tactile Interference Effects and Behavioral

Performance at the Joint Action Task

To examine the relationship between performance in the joint action and visuo-tactile task, we
conducted correlations between the RTs (in ms) of Tactile Response and Grasping Asynchrony (in
ms). To increase statistical power, we pooled data from the three studies, including only the data
from the common factors of Interaction Mode (Cued/Interactive), Movement Type
(Same/Opposite) and Visuo-Spatial Congruency (VS-Congruent/ VS-Incongruent) and created an
index by subtracting the mean values of all Opposite Movement trials from Same Movement trials
in Interactive mode separately for both VS-Congruent and VS-Incongruent conditions. This index
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
to the ability to synchronously grasp the object during the joint action task.

The correlation between participants' RTs to detect the tactile stimulation (Tactile Response) and
in grasping the bottle together with the avatar (Grasping Asynchrony) in the overall three studies
was found to be significant only in Interactive Incongruent conditions. Specifically, the analysis
revealed that slower detection of tactile stimuli was associated with greater asynchrony in the joint
grasping task (r(84) = 0.22; p = 0.02) when coordinating with a partner to perform opposite
compared to same movements. This result is not found for the the Conguent Interactive condition
(p =0.81) (Figure 12).
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Figure 12. Tactile Detection (Same - Opposite Movements) * Grasping Asynchrony (Same - Opposite
Movements) correlation across all three studies in Interactive (VS-Incongruent/VS-Congruent) Visuo-Spatial
condition. Results from experiment 1, 2 and 3 were pooled and by subtracting the values (in ms) from Opposite
movement trial to the Same ones we found a significant correlation between the two measures of Tactile Response
and Grasping Asynchrony. Participants who exhibited significantly increased response times in detecting the visuo-
tactile stimuli, also showed an enhanced asynchrony with the partner when the stimuli were Incongruent with their
own anticipated final position on the bottle only in the Interactive task.

This indicates that participants who took longer to detect tactile stimuli also exhibited greater
delays in synchronising their grasping actions with the avatar and viceversa. This finding, in line
with previous discussed results, underscores the impact of VTI on coordination performance in the
interactive tasks. When participants are slower in processing tactile information, it affects their
ability to time their movements accurately with their partner. This related increase in the
asynchrony of grasping suggests that efficient tactile integration is crucial for maintaining
synchronised interactions. Furthermore, this is only true for Incongruent Visuo-Spatial condition.
Thus, the ability to process and readily detect tactile stimuli is associated with the ability to
coordinate with a partner during joint actions when processing Incongruent visuo-tactile stimuli

and actively predicting the others’ movements.

2.1.3. General Conclusion

These studies were designed to investigate whether the integration of visual and tactile
information was influenced by the nature of interpersonal motor interactions. It is known that
distant visual cues appearing on the action target location influence the ability to detect tactile

stimuli that are delivered in spatially in/congruent locations within the PPS (di Pellegrino et al.,



1997; Spence et al., 1998; 2004). Crucially, research has shown that VTI incongruency effects,
occurring during action execution, was also present even when the visual stimulus was distant
from the body but aligned with the hand's endpoint position (Brozzoli et al, 2009; 2010; Patane et
al., 2018; Belardinelli et al., 2018; Senna et al., 2019). This effect persisted during action
observation as well (Patané et al., 2021). However, if and how these intersensory effects change
during interpersonal interactions, where individuals need to online predict their partner’s
movements, remained unexplored.

Here we revealed that PPS recruitment emerged also when the visual cue appeared on the target
object of an interacting partner and not one’s own, only in conditions requiring continuous
prediction and monitoring of the partners’ movements. Interpersonal motor interactions may
engage the neural processes associated with multisensory integration, related to bodily illusions
(such as feeling sensations generated by the partner's movements within or on my body), and the
integration of a tool (as the partner and its object). This integration suggested that the partner's
movements and the object involved became instrumental in accomplishing the agent’s goal,
effectively serving as tools in his/her action. This would be translated into dynamic changes of the
representations of one's own body and of the PPS, in order to facilitate sensorimotor predictions
and consequently adapt one's own behaviour to the movements of the partner. Consistently with
previous findings, our results contributes to support the notion that PPS recruitment is similar to a
mirroring mechanism, wherein action-based somatosensory resonance is induced when observing
others’ actions (di Pellegrino et al., 1992; Brozzoli et al, 2013; Rizzolatti & Sinigaglia, 2016;
Patan¢ et al., 2020). It would imply that the PPS recruits similar mechanisms in mapping one’s
own and the other's movements and represents a multisensory-motor interface that guides our
interactions.

As predicted, our experimental results are in line with the previous literature on VTI
incongruency effects (Brozzoli et al, 2009; 2010; Senna et al., 2019, Patané et al., 2021),
suggesting that sensory integration is influenced by the interpersonal interactions during joint
actions. We highlight that the ability to predict the movement of one's partner is critical for the
emergence of these modulations. Conversely, no multisensory modulation was found when
participants did not need to predict the movement of the partner (i.e. our Cued mode). Although it
is possible to speculate that this is due to different attentional effects and cognitive demands of the
Interactive compared to the Cued condition on VTI, since the active prediction of the partner’s
movements necessitates continuous integration of one’s own motor plan with the observed and

predicted actions of the partner to achieve real-time coordination (Sebanz & Knoblich, 2009;



Knoblich & Jordan, 2003) and also introduces visuo-motor interference (Sacheli et al., 2012;
2013; Sacheli et al., 2015; Candidi et al., 2015; 2017; Curioni et al., 2017). Crucially, studies on
cooperative joint-actions have shown that automatic imitation in the form of visuo-motor
interference emerges when participants are performing complementary movements (Sacheli et al.,
2012; 2013; Sacheli et al., 2015; Candidi et al., 2015; 2017; Curioni et al., 2017). Imitative
interactions could be supported by a sensorimotor fronto-parietal simulative network (Kilner,
Friston, & Frith, 2007; Urgesi et al., 2010; Avenanti et al., 2013), facilitating mutual adaptation
and coordination. It is notable to consider that, in both the Cued and Interactive conditions, the
execution of imitative (Same) and complementary (Opposite) movements were involved.
Therefore, the Interactive condition might require greater cognitive and attentional resources, but
mainly for the execution of complementary actions. If that was the case, only Opposite Interactive
trials should have led to a higher demands of others’ movements prediction, potentially inducing a
stronger interference effect of the visual modality on the tactile one. However, at the behavioral
level, it has been demonstrated that in this joint action task participants achieved an equal level of
performance during complementary and imitative interactions (Era et al., 2018) in line with
previous studies showing that complementary interactions are not more difficult than imitative
ones (Ocampo & Kiritikos, 2010; Sacheli et al., 2012; 2013). Looking specifically at our data
across all three experiment we did not observe a main effect of Movement type (Same vs.
Opposite) in the Grasping Asynchrony between the participant and the virtual partner grasping of
the bottle-shaped object. This absence of significant differences suggests that the Interactive
condition does not impose higher cognitive or attentional demands that would interfere with the
coordination task performance in the complementary relative to imitative action. If anything, when
considering the RTs related to the VTI effects, the incongruence effect primarily influenced the
Same (e.g., imitative) movements in the Interactive condition. This finding is notable because,
based on the aforementioned literature, imitative movements should generally facilitate
coordination and reduce cognitive demand. Conversely, we did not find any worsening of RTs for
the Opposite (e.g., complementary) movements, where a higher cognitive or attentional cost might
be expected due to the above-discussed increased complexity of coordination due to action
prediction and visuomotor interference mechanisms. These findings suggest that while the
Interactive condition requires the continuous integration of predictive mechanisms to coordinate
with the partner, VTI effects seemed to reflect the demands of the multisensory integration for a
visual cue that results incongruent to both participants and the partner’s end-movement position

when detecting a tactile stimulus.



Moreover, the task implemented 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 interpersonal factors, personality traits and neural
mechanisms impact VTI in social exchanges, fostering our understanding of low-level
sensorimotor mechanisms in interpersonal tasks.

The results of the present study revealed an important impact of interpersonal coordination on
multisensory motor processes, and opened up new questions about the value of sociality in PPS.
This research contributed in clarifying how social interactions shape perception and action through
the extension of personal space toward the other. These findings highlight the fundamental
properties of social behaviour in shaping relatively low-level motor aspects of body-object
interactions during the performance of (rather simple) actions and the profound role that sociality

can have on individual perception.



2.2. Dyadic interactions based on multiple sensorimotor
modalities modulate the behavioral and electrocortical

markers of interpersonal cross-modal processing

2.2.1. Introduction

Sensorimotor Integration (SMI) is a process where sensory events are integrated with the motor
commands that generated them. This integration may follow similar computational principles of
Multisensory Integration (MSI, Jagini, 2021) and are crucial when integrating sensory information
during a dynamic interaction with the environment. Indeed, the perception of sensory inputs is
constantly probed and refined by movements performed by the agent via predictive mechanisms
(Fuehrer et al., 2022). SMI is linked to the acquisition of so-called sensorimotor contingencies
(SMCs), defined as learned relationships between movements and corresponding changes in
sensory inputs (O’Regan and Noég, 2001). Although initially limited to perceptual processing at the
individual level, SMCs are increasingly recognized as fundamental also in the understanding of
processes occurring during effective interpersonal interactions. Specifically, recent works proposed
to “socialize sensorimotor contingencies” (socSMC) and to investigate how the integration of
sensorimotor signals from interacting partners might lead to the emergence of shared sensorimotor
representations (Lubbert et al. 2021). In this framework, interpersonal motor interactions serve as a
critical context where signals from multiple sensory channels are processed simultaneously, leading
to cross-modal interpersonal integration.

At a pure sensory level, instead, Multisensory Integration (MSI) relies on the ability to weight
sensory information from the same source according to optimal statistical rules (Ernst et al., 2002)
to integrate them into the most reliable percept, as well as on the ability to estimate whether sensory
information from different modalities originates from a common source and needs to be integrated
or segregated (the so called “causal inference problem”; Kording et al., 2007). MSI and segregation
are fundamental not only for representing external events such as those involving other people
(Noppeney, 2021), but also for maintaining a stable and yet plastic representation of our own body,

which is essential for efficient dynamic interactions with others (Blanke et al., 2015). Crucially,



sensory processing is affected during movement execution (via gating and attenuation, Kilteni &
Ehrsson, 2022) and little is known about optimal MSI during movement execution.

To set the base for a sensorimotor grounding of interpersonal interactions, here we investigated
whether engaging individuals into interpersonal interactions that exploited single (i.e., visual or
tactile/proprioceptive) or combined (i.e., visuo-tactile/proprioceptive) sensory modalities would
modulate the behavioural and electrocortical markers associated to cross-modal interpersonal

processing.

2.2.2. Materials and Methods

The set-up of the present project incorporates and adapts methodologies adopted by previous
studies investigating visuo-tactile integration processes by means of EEG. In this section, | present
information regarding the EEG setup and data, as well as in the next discussion section, to ensure
completeness and clarity in the description of the study. It is important to note that while | have
included these details, 1 did not personally conduct the analyses or the experimental portion
associated with these data.

Sample

Twenty-five healthy subjects (15 males; mean age of 24.8 + 2) with any neurological of psychiatric
condition reported were involved in the study. The sample size was determined through a
prospective power analysis performed with the software More Power (Campbell and Thompson,
2012). We inserted as expected effect size the partial eta squared value (0.22) observed in Fossataro
et al., 2023, where a similar cross-modal interpersonal set-up was deployed. The analysis indicated
that a 3 x 2 x 2 within-subject design, a power of 0.90 and a partial eta squared value of 0.22,
required a sample size of at least 24 participants. Participants’ age varied between 20-29 years
(mean age = 24.8 + 2). All participants were right-handed with normal or corrected-to-normal
vision. Participants were naive as to the aim of the experiment and were informed of the purpose of
the study only after all the experimental procedures were completed. The experimental protocol was
approved by the ethics committee of the Fondazione Santa Lucia (Rome, Italy) and was carried out

in accordance with the ethical standards of the 1964 Declaration of Helsinki and later amendments.

Stimuli and experimental task



Participants sat in front of a desk where a 1024 x 768 resolution LCD monitor laid horizontally at
~60 cm from their eyes. During the MSI task (see below), subjects were asked to place their left-
hand palm down on the screen (11 cm to the left of their body midline), right (~15 cm) to the
confederate’s left hand, and to constantly fixate a white cross (1 cm diameter) positioned between
the confederate’s index and thumb (Fig. 1A). Tactile stimuli were delivered to the participant’s left
index/thumb using two 12 V round solenoids (0.8 cm in diameter) driving a magnet (1.5 mm in
diameter) to the finger pad. Every time a current was delivered to the solenoid the magnet contacted
the finger. The delivery of the current, and thus the presentation of the tactile stimuli, was
controlled by a custom-built tactile controller (Heijo Research Electronics), which in turn was
connected to the stimulus presentation computer. Although mechanical stimuli are less controllable
than electrical ones in term of duration, each tactile stimulus was ~5 ms long, creating the sensation
of a single tap. Before the beginning of the experimental procedure, subjects were explicitly asked
if they could clearly feel the tactile stimuli. Visual stimuli consisted of flashes (1.2 cm in diameter)
occurring next to the tip of the confederate’s index/thumb. Visual and tactile stimuli were always
presented simultaneously. Paradigm presentation and subjects’ response were controlled and
recorded using E-Prime 2.0 Professional software (Psychology Software Tools Inc., Pittsburgh,
PA).

Specifically, they performed a candle-sawing activity (Soliman et al., 2015), that required the
participant and the confederate each to use their left hand to bimanually and rhythmically operate a
cutting wire sideways to saw a candle positioned horizontally on a custom-made holder.
Importantly, the wire flexibility allowed participants to coordinate their movement in space (pulling
the wire) and time (following and pacing the couple’s movement rhythm) to reach the goal of
sawing the candle (i.e., reach a joint goal). Moreover, such set-up allowed to isolate the
proprioceptive channel (when subjects had to perform the task with their eyes closed — Motor-
Tactile/Proprioceptive condition — M-P), the visual channel (when subjects had to passively observe
the movement of the confederate — Visual condition - V), as well as to combine the two (when
subjects had to synchronize their movement while observing the confederate’s hand — Motor-
ProprioVisual condition — M-PV).

In order to test the hypothesis that interacting with a partner by using one or two sensory modalities
differently modulates the weight attributed to sensory information coming from one’s own and the
partner’s body, after each interaction participants performed a cross-modal interpersonal, two-
alternatives forced-choice, task (2AFC) (adapted from Maravita et al., 2002, 2003a). After the

interaction, cross-modal interpersonal sensory integration processes were measured by means of



visuo-tactile interference effects realized on ones’ own and the partner’s hand (similar to Maravita
et al., 2002, 2003a). Specifically, participants received tactile stimuli on their left hand (the same
one they used during the interaction), either on the thumb or on the index, while the visual stimuli
appeared close to the thumb or the index of the partner’s left hand laying on a screen next to them
(Fig. 1) and were asked to report as fast and as accurately as possible the location of the stimuli by
pressing one of two foot pedals. White noise was played through headphones during the entire task,
to attenuate EEG artifacts due to the noise produced by the mechanical tactile stimulators.
Importantly, visual and tactile cues appeared in the same or opposite interpersonal somatotopic
location (Congruency factor) with a 50% chance. Hence, in half of the trials the location of the
visual and tactile stimuli differed (i.e. a flash appeared close the confederate’s index while the
participants received a tactile stimulus on her thumb — Congruency factor). Subjects were instructed
to press a pedal either with their right or left foot, depending on the location of the target stimulus
(left for stimuli on/close to the index and right for stimuli on/close to the thumb). Moreover, to test
the role of top-down effects on multisensory integration processes, in half of the trials subjects
would be asked to give their response based on the location of either the tactile stimulus (Tactile
Relevance — T+) or the visual stimulus (Visual Relevance — V+ -Task Relevance factor). For each
interaction (M-PVs, M-P, V), 4 consecutive experimental blocks were run. Each block began with
an interactive session lasting 3 minutes, followed by a multisensory integration (MSI) measurement
consisting of 40 trials, for a total of 160 trials per interaction (40 T+-Congruent, 40 T+-Incongruent,
40 V+-Congruent, 40 V+-Incongruent). At the beginning of the experiment, subjects performed two
unisensory and one baseline session. During the formers, visual- (80) and tactile-only (80)
stimulation was delivered, with subjects performing the same localization task as the MSI one
described above. Importantly, visual and tactile stimuli were the same as the ones presented after
each interaction. The latter would consist of 40 T+ and 40 T+ trials of the MSI task performed prior
to any interaction, in order to measure cross-modal interference effects with no modulation related
to the interactive session. The number of trials per condition was determined based on prior studies

adopting similar paradigms targeting similar visuo-tactile neural processes (Sciortino et al., 2022).
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Figure 1. Experimental set-up. Graphical representation of the interpersonal motor interaction task (left panel), and of
the 2AFC visuo-tactile task (right planel).

Electroencephalogram recording and processing

EEG signals were recorded and amplified using a gTec g.HIAMP Amplifier (g.Tec medical
Engineering GmbH, Austria) and acquired from 126 active electrodes arranged according to the 10—
10 system. Two electrodes were placed on the earlobes serving as reference, and all electrodes were
physically referenced to the electrode placed on the right earlobe and then algebraically re-
referenced off-line to the average of both earlobe electrodes. Impedance was kept below 30 KQ for
all electrodes for the whole duration of the experiment, amplifier hardware band-pass filter was
0.01-200 Hz and sampling rate was 1200 Hz. Offline, we applied a high pass filter to 0.1 and a low
pass filter to 48 to remove slow drifts and line noise (50 Hz) from the signal. The two filters were
applied separately as suggested by the latest version of EEGLAB (Delorme et al., 2004). Then,
channels exhibiting excessive amounts of noise were detected by running the clean_rawdata
function as implemented in EEGLAB (Delorme et al., 2004), by removing the channels which trace
correlated with their direct neighbors for less than 80% of the time. After removing the above-
mentioned channels, we epoched the continuous data into segments of 2400 milliseconds — from -
1.200 to 1.200 around the onset of the stimulus. To identify and remove from the signal ocular
artifacts (eye blinks and saccades) and excessive muscular noise, an Independent Component
Analysis (ICA - Jung et al., 2000) was performed on the epoched data. Artefactual components
were identified based on their time course and topography, and removed. On average, 9,9 (+2,75)
components were removed per recording session (equivalent to 7,1% of the identified components
per subject).

After the ICA, the bad electrodes previously removed (if present) were interpolated, with their

signal being reconstructed based on the one from their surrounding neighbors with a “weighted”



approach, as implemented in Fieldtrip (Oostenveld et al., 2011). Finally, EEG data were re-
referenced to the average of all channels, and epochs containing remaining artefacts such as

electrode jumps were removed following visual inspection.

Data analysis

Behavioural Data

Participants’ behavioral performance in the 2AFC task was quantified in terms of reaction times
(RTs) and analyzed through 3 x 2 x 2, within-subject, repeated measures ANOVAs with Condition
(PVIPIV), Task Relevance (T+/V+) and Congruency (Congruent/Incongruent) as within-subject
factors (see extended methodology in the supplementary appendix). Only RTs from trials where
subjects gave the correct response were taken into account for further analyses, with very few trials
being inaccurate (average of inaccurate trials per subject = 2.4 + 1.6%). Also a repeated measures
ANOVAs were performed, with Condition (M-PV/M-P/V), Task Relevance (T+/V+) and
Congruency (Congruent/Incongruent) as within-subject factors. This allowed us to investigate
whether the modulatory effect of a previous interaction on the participant’s behavioural
performance was general or, rather, specific either to the processing of multisensory incongruency
or to the facilitatory effect elicited by congruent multisensory stimulation.

All statistical analyses were performed in Matlab r2022b and in the JASP Software. Post-hoc
correction for multiple comparisons was conducted applying the Holm-Bonferroni method to the
interactions that resulted as significant (p < .05) from the ANOVA.

EEG Multivariate Analysis

Single-subject EEG data were analysed through a multivariate pattern analysis (MVPA) to assess if
and how the very same multisensory stimuli (i.e. multisensory processing) would elicit different
neural processing patterns depending on the participant’s previous interpersonal interaction.
Multivariate analyses assume that the processing of different stimuli has different neural patterns
associated to be exploited. Here, we investigated whether the very same multisensory stimuli would
elicit different neural patterns depending on the observer’s previous interaction. Analyses were
performed using the MVPA-Light toolbox (Treder, 2020) in Matlab R2022b and custom-made
scripts. Prior to every classification, data were normalized with a 200 ms prestimulus baseline,
downsampled to 500 Hz and z-scored to center and scale the training data, providing numerical
stability (Treder, 2020). Moreover, if a class had fewer trials than another, we corrected the

imbalance by undersampling the over-represented condition (i.e., randomly removing trials). Lastly,



to increase the signal-to-noise ratio of the samples, training data (i.e. EEG trials) from the same
class (i.e. PV, P, V) were split into groups of 5 and averaged.

First, we performed a multiclass decoding over time, investigating whether a Linear Discriminant
Analysis (LDA) classifier was able to distinguish one condition (i.e. M-PV/M-P/V) from the other
two based on the neural patterns in the time window from -200 to 1000 ms around stimulus onset.
For linearly separable data, an LDA classifier divides the data space into n regions, depending on
the number of classes, and finds the optimal separating boundary between them using a
discriminant function to find whether the data fall on the decision boundary (i.e., 50% classification
accuracy) or far from it (i.e., > 50% classification accuracy). A k-fold cross validation procedure in
which samples were divided into 5 folds was repeated 20 times so that each sample was either used
for training or testing at least four times, and the classifier’s raw output was visualized to assess
decoding performance over time. Statistical significance (i.e., performance significantly above
chance level) was assessed through non-parametric cluster-based permutation tests (Maris &
Oostenveld, 2007), using ‘maxsum’ for cluster corrections and Wilcoxon test for significance
assessment. As a control analysis, we performed the same multiclass decoding, respectively, on T+
-, V+-, congruent- and incongruent-only EEG trials. The classifier’s raw output was visualized in
order to assess decoding performance over time, and the decoding curves for each condition were
compared through three dependent samples t-tests across time (M-PV vs M-P, M-PV vs V, M-P vs
V). For the results of further control analyses please refer to the extended supplementary results.
Both when extracting the time windows with performance significantly above chance level and the
ones when the decoding curves differed between each other, statistical significance
(pclusterCorrected < .05) was assessed through non-parametric cluster-based permutation tests.
Secondly, following a purely data-driven approach, we looked at the multiclass LDA’s performance
in a specific, early, time window in order to investigate whether the neural patterns differentiating
the processing of multisensory stimuli after different interactions would be modulated already at
low levels of the sensory processing cascade. To this aim, we performed a multiclass decoding,
training and testing the classifier on the EEG data in the time window between stimulus onset (0
ms) and 150 ms. The accuracy values across testing folds of all repetitions were then averaged and
presented on a confusion matrix to assess the probability of the classifier to in/correctly assign
classes. As a control, we performed the same analysis on the EEG data in the time window between
150 and 300 ms post stimulus onset.

Lastly, we performed three binary classifications investigating how the performance of the classifier

when distinguishing each condition from one of the other two evolved over time, as well as how



stable (generalizable) the neural representations contributing to such decoding were. Specifically,
we adopted the temporal generalization method (King & Dehaene, 2014), training the classifier on
each single time point and testing it at all time point in the same time window previously selected
for the multiclass classification over time. This provided three temporal generalization matrices
(time x time) with % accuracy values tested for statistical significance (i.e. performance
significantly above 0.5 chance level) through non-parametric cluster-based permutation tests (Maris
& Oostenveld, 2007).

2.2.3. Results and Discussion

Our results show that interpersonal motor interactions that rely on visual and/or motor-
tactile/proprioceptive channels, modulate both the behavioral (i.e., Reaction Times) and neural (i.e.,
evoked EEG patterns) markers of cross-modal interpersonal integration.

First, our behavioral results extend the classical individual cross-modal interference effect (main
effect of Congruency [F(1, 23) = 189.29, p <.001, np? = .89]) of spatially incongruent stimuli to the
case of interpersonal incongruency. Second, as already shown by previous studies on visuo-tactile
perception (Goschl et al., 2014), subjects’ performance was overall better when reporting the
location of visual (i.e., V+ condition) compared to tactile (i.e., T+ condition) information (main
effect of Task Relevance [F(1, 23) = 55.60, p < .001, np? = .71]). Moreover, the interpersonal
incongruency effect was stronger when reporting the tactile (p < .001) compared to the visual (p <
.001) information (significant interaction between Congruency and Task Relevance [F(1, 23) =
71.24, p <.001, np? = .76]), highlighting a smaller interferent effect of tactile over visual processing
compared to the opposite (Figure 2, upper row plots).

Crucially for the present study, the performance of the subjects when focusing on touch (i.e., T+)
was significantly modulated by the nature of the interpersonal interaction that preceded the cross-
modal interpersonal integration task (significant interaction between Condition and Task Relevance

[F(2, 46) = 5.8, p = .006, np? = .20]). In details, subjects’ reaction times significantly diminished



following the interaction involving both visual and tactile/proprioceptive modalities (i.e., the M-PV
condition) compared to the two, single sensory modality, control conditions where either the visual
(i.e., V; p =.017) or the motor-tactile/proprioceptive (i.e., M-P; p = .002) modality was used during
the interaction (Fig. 2, lower row plots). This might be related to a modulation of the weights given
to each sensory modality in order to reach optimal multisensory segregation and integration,

respectively in incongruent and congruent trials (Ernst, 2002; Kording et al. 2007; Noppeney,
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Figure 2. Raincloud plots showing the main effect of spatial congruency on the participants’ reaction times (upper
row), as well as the facilitatory role of the M-PV interaction on the performance of the participants when tactile
location was task-relevant (lower row).

Second, our neurophysiological results complement this view, showing a clear effect of different
interpersonal interactions on the neural representations of cross-modal interpersonal integration.
Indeed, also the neural patterns evoked by identical visuo-tactile stimuli differ depending on the
sensory channels involved in a previous interpersonal interaction. In detail, by adopting a

multivariate approach, we show that a classifier is able to correctly identify the neural processing



associated with trials following a specific interaction as early as 74 ms after the onset of the
stimulus (Fig. 3B), independently from the task relevance or the congruency of visual and tactile
stimuli (see supplementary results). Moreover, such an early modulation of neural responses
appeared to be particularly dependent on the more ecological interaction (i.e., the M-PV one) where
participants had to integrate information coming from their motor-tactile/proprioceptive and visual
channels in order to fulfill the joint task with a confederate. Indeed, when comparing the decoding
curves for the M-PV condition compared to the M-P and the V one, the performance of the
classifier resulted significantly better in a time window starting as early as 110 ms after stimulus
onset (significant clusters: M-PV vs M-P = [110 270 ms], pclusterCorrected = .005; M-PV vs V =
[140 416 ms], pclusterCorrected = .007 - grey lines on top of Fig. 2B). Moreover, as shown in the
confusion matrices in Fig. 3A, when relying only on very early (0-150 ms) evoked patterns of
activity, the classifier’s capacity to distinguish the M-P from the V condition was worse than when
it relied on later patterns (150-300 ms), while the M-PV trials were already clearly distinguishable
in such an early time-window. This strengthens the behavioral results, suggesting that the
interpersonal interaction where vision and motor-tactile/proprioception were to be functionally
integrated, modulated differently the neural patterns related to the perception of following visuo-

tactile stimuli.
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Figure 3. A) Confusion matrices showing the performance of the classifier in distinguishing the three behavioural
interactions based on the neural patterns in the 0-150 ms time window (upper plot) and in the 150-300 ms time window
(lower plot). B) Results from the multiclass decoding over time, showing that the classifier’s performance was
significantly (pclusterCorrected < .05) above chance level for all three classes (dotted lines at the bottom), as well as
highlighting the significantly (pclusterCorrected < .05) better performance of the classifier in distinguishing the neural
patterns following the M-PV interaction compared to the ones following the M-P one (light-grey line on top), and to the
ones following the V one (dark-grey line on top).

To the best of our knowledge, these results are the first ones in the literature showing, 1) that
cross-modal integration (Maravita et al., 2002) are present when sensory events happen close to
ones’ own and another person body, thus in an interpersonal (rather than individual) context, and 2)
that using different sensory modalities to achieve interpersonal coordination induces an offline
modulation of both behavioral and neurophysiological markers of cross-modal interpersonal
integration. Furthermore, the present results extend previous literature on the influence of actions on
sensory processes, where most of the studies focused on online effects occurring on a trial-by-trial
basis (as the ones measuring adaptive responses to multisensory conflict - Noppeney, 2021). Most
importantly, by taking advantage of MVPA, our work shows a temporally high-specific modulation
of the distributed representations (across multiple regions) of visuo-tactile perception between one’s

own and a partner’s hand following different interpersonal motor interactions. This could be



interpreted in light of previous results on the modulation of intersensory processing in the
peripersonal space (PPS; Ronga et al., 2021) or by social factors (Teneggi et al., 2013). These first
results require further investigations in order to be firmly interpreted in terms of an effect targeting
specific computations (i.e., congruency processing, attentional selection). Nevertheless, they pave
the way for new approaches to social neuroscience, focusing on plastic and time-lasting changes in
behavioral responses to sensory stimulation and neural representations of intersensory effects
depending on different contingencies between external sensory information (i.e., related to the

environment and/or to other individuals) and internal motor and cognitive processing.

Supplementary Results

In order to check whether the classifier’s performance in the multiclass decoding over time (Fig.
3B) was different if we did not collapse across the Congruency and Task-Relevance factors, we
performed the same analysis separately for T+-, V+-, congruent- and incongruent-only data. The
results are plot in Fig. S1, showing that, in all cases, the classifier’s performance in distinguishing
the three classes was significantly above chance level. Moreover, the M-PV condition was always

better classified than the other two classes (which, in turn, lead to similar classification patterns).
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Figure S1. Results from the control multiclass classifications over time, with the time points when the classifier’s
performance was significantly above chance level highlighted at the bottom, for each class. Left column: the classifier
decoded the Condition separately for congruent and incongruent EEG trials. Right column: the classifier decoded the
Condition separately for T+ and VV+ EEG trials.

Further, we performed three binary classifications investigating how the performance of the
classifier when distinguishing each condition from one of the other two evolved over time, as well
as how stable (generalizable) the neural representations contributing to such decoding were.
Specifically, we ran three binary temporal generalization analyses. As proposed by (King &
Dehaene, 2014), if a classifier generalizes from one-time window to another, then the underlying
processes for the two-time windows would be similar, and the values in the resulting time x time
plot would be represented as a single area spreading continuously out of the diagonal. If this is not
the case, the results of the classification would be based on different information that travel across a



chain of transient neural representations, and the results in the time x time matrix would yield a
diagonal generalization pattern. The results of this approach are reported in Figure S2. The time X
time matrices, masked in order to show only significant results (pclusterCorrected < .05),
highlighted a spread generalization pattern for each classification, suggesting that the neural
patterns elicited by visuo-tactile stimuli are modulated by previous interactions in an interaction-
specific and sustained-over-time way. Above each time generalization matrix (Fig. S2) we plotted
the performance of the classifier along the diagonal, in terms of percentage accuracy. In detail, the
classifier was able to discriminate visuo-tactile trials following the PV interaction from the ones
after the P interaction from 80 ms post stimulus onset (significant cluster time window: [80 - 1000
ms]), PV trials from V trials from 64 ms post stimulus onset (significant clusters time window: [64 -
1000 ms]), and P trials from V ones from 100 ms post stimulus onset (significant clusters time
window: [100 - 1000 ms]). These results are in line with the ones obtained from the multiclass
decoding over time, highlighting a different modulation of early evoked activity by the M-PV
interaction, compared to the other two, leading to earlier onsets of significant classification

accuracy for the M-PV vs M-P and the M-PV vs V comparisons.

M-PV vs M-P M-PV vs V M-PvsV

o
0o
o
=
3
o
o
3
o

°
e 5 o
0@ =

LDA accuracy
o
a

LDA accuracy
o
o
a

0.6

0.4

train time (s)
train time (s)

0.6

train time (s)
o
=

0.2

o,
N

0

o

0.5

. -0.2 -0.2
-0.2 0 0.2 0.4 0.6 0.8 1 -0.2 0 0.2 0.4 0.6 0.8 1 -0.2 0 0.2 0.4 0.6 0.8 1

test time (s) test time (s) test time (s)

Figure S2. Results from the three binary classifications (M-PV vs M-P, M-PV vs V, M-P vs V). Bottom row: temporal
generalization matrices, masked in order to show only significant accuracy scores (pclusterCorrected < .05). White
dashed lines at 0.2 s were plotted in order to visually highlight the differences between the classifier’s performances in
the early time-window following stimulus presentation. Top row: classification performances over time (same as the
diagonals in the time x time plots), with significant (pclusterCorrected < .05) accuracy clusters highlighted in bold.



2.3. Toward a “Social Rubber Hand”

2.3.1. Introduction

Body ownership and representation is a fundamental aspect of self-perception, also involved in
social interaction and multisensory integration processes. The ability to distinguish between self and
others relies on the integration of visual, tactile, and proprioceptive cues (Gallace & Spence, 2010;
Ehrsson, 2020). This multisensory integration allows coherent body representation, essential for
effective social interactions and bodily awareness (Blanke, 2012; Serino, 2019). Indeed, bodily
awareness is the perception of one’s body in terms of position, movement, and ownership, achieved
by integrating sensory input from vision, touch, and proprioception to distinguish the body from its
surroundings (Bermudez et al., 1998).

The congruency of visuo-tactile and proprioceptive information seems determinant in the
specific case of the rubber hand illusion (Walsh et al., 2011). Observing the touch on a rubber hand
placed in a position compatible with one’s limb while simultaneously feeling a synchronous touch
on one's hand can lead to a phenomenon known as the rubber hand illusion (Botvinick & Cohen,
1998). In this illusion, after a short period, individuals often experience the others’ hand as their
own and show a proprioceptive drift of one’s hand toward the location of the rubber hand.
Proprioceptive drift refers to the shift in perceived position of one's own limb towards the location
of the rubber hand, and it is the most common measure used to evaluate the strength of the rubber
hand illusion (Tsakiris & Haggard, 2005). This evidence supports the idea that bodily awareness
relies on the integration of synchronous visuo-tactile information (Bermudez et al., 1998). It has
been suggested that the rubber hand illusion could involve an interaction between body scheme
representations and localized visuo-tactile integration (Tsakiris & Haggard, 2005).

Afferent tactile and efferent motor signals also contribute to self-recognition processes (Tsakiris
et al., 2005). For example, when individuals engage in self-touch, tactile afferent perception tends
to attenuate due to a “filtering’ effect of efferent signals associated with motor commands generated
during self-initiated movements (Voss et al., 2006; Christensen et al.,, 2007). The possible
contribution of being the author of an observed movement has been studied in inducing the
embodiment of another hand; since agency appears crucial in building up the sense of ownership
and achieving a coherent embodiment of the other hand in the rubber hand illusion (Tsakiris et al.,

2006; Kammerts et al., 2009). Despite these insights, the role of interpersonal interaction in the



rubber hand illusion has yet to be explored. Therefore, in this study, we want to investigate the
impact of interpersonal synchronous movement in eliciting embodiment and interpersonal
intersensory effects in a novel paradigm that we would like to address as an attempt toward a
«social» rubber hand illusion.

The process of anticipating the outcomes of a motor command is based on an efferent copy of it
to forecast the consequences of the motor command and subsequently adjust the ongoing movement
(Shadmehr & Krakauer, 2008; Miall & Wolpert, 1996). Interestingly, when engaged in an
interaction, the internal motor model also predicts consequences for others’ actions (Pezzullo, 2011;
Friston, 2011; Wolpert et al., 2003). Indeed, an individual’s efferent and afferent information both
contribute to improving symmetrical interpersonal interactions (Pezzulo et al., 2017). Furthermore,
simultaneous tasks may promote an internal representation that does not differentiate between the
self and the other, aligning the actions and predictions of the agents (Pezzulo et al., 2017; Friston &
Frith, 2015). To date, no studies have addressed the impact of social reciprocal interaction on the
rubber hand illusion. When incorporating a mutual motor dynamic into this task, what effects does
it yield?

It remains unclear whether this illusion extends to the hand of a partner during an interaction. To
address this question, in the present experimental setup participants observed and executed stroking
on a partner’s hand while simultaneously being stroked on the exact location of their unseen hand
by the partner. Participants underwent both synchronous and asynchronous (as control condition)
interpersonal stroking blocks, in a counterbalanced order, where they interacted with a partner’s
hand positioned in front of them. Previous research indicates that the illusion fails to manifest if the
rubber hand's position is unrealistic (Farne et al., 2000; Tsakiris & Haggard, 2005; Kalckert &
Ehrsson, 2012), as in this paradigm, in which it was rotated of 180° relative to the participants’
hand. Particularly, the moving rubber hand illusion seems to rely on similar principles of temporal
alignment and anatomical consistency as those found in the traditional rubber hand illusion
(Ehrsson et al., 2004; Tsakiris & Haggard, 2005). It remains unclear whether proprioceptive drift
would extend toward a partner's hand placed in an unrealistic position, as a result of the integrated
input from both efferent and afferent signals during an interpersonal interaction.

Since Botvinik and Cohen (1998) demonstrated that the rubber hand illusion results from a
complex interaction between vision, touch, and proprioception—where synchronizing visual and
tactile stimuli alters the perceived position of one's hand—we aimed to explore this illusion’s
effects through a perceptual proprioceptive drift task (Durgin et al., 2007; Lloyd, 2007; Ehrsson et

al., 2005; Farneé et al., 2000). After the stroking sessions, participants were asked to report the felt



location of their hand. We hypothesize that following synchronous stroking, participants will
exhibit a greater proprioceptive drift towards the hand of the partner with whom they interacted.
Additionally, we examined how the illusion affects interpersonal intersensory integration or
segregation by employing a visuo-tactile crossmodal congruency task (Maravita et al., 2003). A
tactile stimulus is presented on either participants’ hidden left index or ring fingers. At the same
time, a visual cue is presented near either the index or ring fingers of the partner’s left hand. The
hands of both the partner and participants, are respectively the ones stroked during the rubber hand
illusion. We anticipated that synchronous mutual stroking would enhance visuo-tactile integration
(VTI) effects, particularly for stimuli near the partner's hand, due to the shared sensory experience.
Alternatively, we also predict that the asynchronous stroking sessions could lead to reduced VTI
effects. This hypothesis is supported by the findings of Fossataro et al. (2023), which demonstrated
that the proximity to others can induce a space representation shrink, effectively reducing the space
in which multisensory responses occur. In the context of our paradigm, we suggest that
asynchronous stroking, which lacks the temporal and speed congruence necessary for coherent
multisensory integration, might exacerbate this boundary shift. Without synchronized tactile and
visual stimuli, the brain may interpret the partner's hand as part of the 'other space,’ rather than
integrating it into a shared representation of space, thus leading to reduced VT]I effects.

Moreover, since this process also involves top-down effects, participants’ subjective report of
rubber hand illusion (Botvinick & Cohen, 1998; Longo et al., 2008) and perceived self-other
similarity (Myers & Hodges, 2011; Goldstein & Cialdini, 2007; Batson et al., 1997) are measured.

In summary, the present study aims to determine whether engaging in synchronous mutual
stroking with a partner would alter interpersonal body schema representation and influence the
dynamics of interpersonal intersensory integration/segregation. In addition, we aim to study

whether this shared sensory experience affects higher-order social cognitive processes.

2.3.2. Material and Methods

Sample

Reported effect sizes for differences between synchronous and asynchronous stimulation in the
proprioceptive drift and questionnaire measures for the rubber hand illusion (RHI) range between
np2 = 0.19-0.73 (Gallagher et al., 2021; Aimola Davies et al., 2013; White et al., 2010; 2011).

Based on the average of these effect sizes, we conducted an a priori power analysis using



MorePower 6.0.4 (Campbell & Thomson, 2012). The analysis indicated that a sample size of 28
participants would be sufficient to achieve a power of 0.85 and an o = .05, with an effect size of
0.26. However, the final sample size was increased to 36 participants (mean age 22.08, + 3.32) to
ensure balanced conditions.

We tested only same-gender dyads, recruiting right-handed, healthy, French-mother-tongue females
to match the experimenter's gender to minimize potential confounds related to gender-based
differences in hand appearance.

Written informed consent was collected from participants before commencing the experiment.
Initially, individuals were unaware of the study's objective and informed only after completing all
experimental procedures. Participants were paid 10 euros per hour. The experiment was conducted
in line with the Declaration of Helsinki, and approved by the local Ethics Committee of Université
Paris Cité.

Set-Up

Participants were tested in a quiet room. The experimenter, seated directly in front of the
participants, acted as a confederate throughout the study. Participants' left hands were positioned
inside a box measuring 20 cm in height, 36 cm in length, and 26 cm in width, accessed through a
small hole (approximately 5 cm in diameter, allowing them to insert their arm. This hand position
was fixed across participants and maintained throughout the experiment (hand relaxed, palm facing
down, fingers pointing forward). The top of the box was covered to prevent visual feedback
regarding hand position for the participants. In contrast, the side of the box closest to the
experimenter remained open, enabling the experimenter to stroke the participant's hand during the
'social' rubber hand-stroking sessions (Fig. 1).

The experimenter's left-hand position mirrored that of the participants, approximately 30 cm to the
left, and rotated 180°. The experimenter’s left index fingertip was aligned on the same horizontal
(x-axis) line as the participants’ left index fingertip. Beneath the experimenter's left hand, a monitor
was positioned measuring 5 cm in height, 54 cm in length, and 30 cm in width, setting the stage for
the subsequent interpersonal intersensory task (IIT; described in details below). Under the
participants’ left hand, a little platform at the same height as the monitor balanced the hands’
elevation (Fig. 1).



Figure 1. Participants’ hand positioning from the experimenter's point of view. (A) Positioning before the stroking
sessions of the ‘social’ rubber hand illusion. (B) Positioning for the IIT, also depicting where the experimenter’s left
hand was during both multisensory integration tasks.

‘Social’ Rubber Hand Illusion

The strokings were performed with the experimenter and participants’ right hands. Prior to the
experiment, participants underwent a brief training session (approximately 1 minute) to learn the
stroking technique. Participants were instructed to fixate on the experimenter’s left hand, which was
positioned directly in front of them (Fig. 1 - B) while executing each stroking using simultaneously
the index, middle, and ring fingers of the right hand over the same fingers of the experimenter’s left
hand. The stroking movements were performed from knuckle to fingertip with a constant rhythm
(Fig. 2 -A; around 1000ms).

During the Synchronous stroking sessions, the experimenter executed the same stroking movement
as the participants regarding rhythm and touch location (Fig. 2 -A). In the Asynchronous stroking
sessions, the experimenter stroked one of the three fingers (left index, middle, or ring) sequentially
at a faster rhythm (Fig. 2-B). This approach was deliberately selected to avoid any inadvertent
movement synchronization by the participants, which is crucial for preserving the integrity of the

control condition and ensuring the validity of the results.
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Figure 2. Stroking Types. (A) This panel illustrates the instruction and example of stroking performed by both
participants and the experimenter during synchronous blocks. Participants were instructed to observe the experimenter's
left hand and stroke it using simultaneously their right hand's index, middle, and ring fingers, caressing from knuckle to
fingertip with a steady rhythm. (B) This panel depicts the stroking performed by the experimenter during asynchronous
blocks on the participants' hidden left hand. Participants continued to stroke the experimenter's hand as in synchronous
blocks. However, the experimenter stroked at a faster pace, sequentially touching the index, middle, and ring fingers of
the participants’ left hand, one at a time..

Both strokings were applied to the index, middle, and ring fingers to prevent potential
fragmentation of body ownership (Tsakiris et al., 2006; 2005) and to mitigate specific influences
during the subsequent IIT, which involved both the index and ring fingers. The order of
synchronization for the stroking sessions was counterbalanced across participants, alternating
between synchronous and asynchronous blocks. Each block included two stroking sessions, with

each session lasting one and a half minutes.

Measures of the Illusion

Proprioceptive Drift Task

Before initiating the experiment (baseline) and after each stroking session (two per block),
participants were asked to verbally report the perceived location of their hidden left index finger. In
the literature, both the manual pointing task (Kalckert & Ehrsson, 2012; Riemer et al., 2013;
Abdulkarim & Ehrsson, 2016; Abdulkarim et al., 2020) and the perceptual judgment task (Tsakiris
et al., 2006; Kammers et al., 2009; Longo et al., 2008; Riemer et al., 2019) are commonly used to
measure proprioceptive drift during the Rubber Hand Illusion (RHI). However, given that in our
study both hands were engaged and influenced by the stroking procedure, we opted for a modified
version of the perceptual judgment task to avoid any confounding effects from movement-related
indications. Additionally, prior research has shown that perceptual judgments are more susceptible
to the RHI than motor indication tasks (Kammers et al., 2009).

The experimenter, through two rulers moved along the horizontal and vertical axes above the box,
would report the measurement. Participants vocally indicated their perceived index finger position
at the intersection of the two rulers (Fig. 3), asking the experimenter to “stop” the rulers where they
perceived the hidden hand to be. We considered both axes for measuring drift due to the interactive
nature of our paradigm: the horizontal (X) axis represented drift towards the experimenter’s hand,
while the vertical (Y) axis indicated drift towards the experimenter’s body.
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Figure 3. Representation of the proprioceptive drift task. (A) Illustrate the set-up. The box's corner positioned on
the midline of both the participant and the experimenter, on the side between the experimenter’s body and hand, was
considered the ‘zero’, the origin of the horizontal (x) and vertical (y) axes. The participants indicated vocally the felt
location of the left hidden index fingertip with the aid of two rulers moved by the experimenter over the box along the
horizontal (x) and vertical (y) axes from the origin. (B) Illustrate an example of an accurate judgment of the hidden
finger. Participants were required to stop the rulers to indicate their index position at the intersection between the two
rulers.

SRHI - Questionnaire

Participants completed a questionnaire designed to assess the strength of the ‘social’ rubber hand
illusion (SRHI-Q), which was adapted from a validated measure developed by Longo et al. (2008).
This questionnaire evaluated the strength of the illusion within the experimental paradigm through
three key components: Ownership, Location, and Hand-Loss. Although administered in French
(Table 1 - A), the questionnaire is also presented here in English (Table 1 - B) for clarity.
Participants were instructed to complete the questionnaire after a stroking session once per block,
reflecting on the stroking movements they had just performed with the experimenter. Consequently,
participants filled out the questionnaire twice. It comprised 13 statements (listed below) measured
on a 7-point Likert scale, ranging from “Strongly disagree” to “Strongly agree,” with scores
assigned from -3 to 3, respectively. Negative scores indicated disagreement with the statements,
while positive scores indicated agreement.

The statements were administered through Qualtrics and presented in a random order. Statements 1
to 5 assessed Ownership over the experimenter’s observed hand; statements 6 to 9 evaluated the

perceived Location of the participants’ hand and touch (both received and executed); and statements



10 to 13 gauged the sensation of Hand-Loss. The average scores for each set of statements provided
scores for each component of the illusion (Table 1). We anticipated significantly increased scores in

each component following synchronous blocks.

Table 1. ‘Social’ RHI Questionnaire. (A) French Version, used in the experiment. (B) English back-translation. Each
group of statements referred to an illusion components that could occur during the stroking sessions: Ownership over
the observed hand (1-5); Location of hand and touch (received and executed; 6-9); Hand loss sensation (10-13).

A. French Version B. English Translation

Déclaration de propriété Ownership statements

Il m'a semblé que je regardais directement ma propre main 1 It seemed like | was looking directly at my own left hand,
gauche, plut6t que la main de ma partenaire. rather than the hand of my partner.

Il m'a semblé que la main que je regardais commengait & 2 It seemed like the hand | was looking at began to resemble my
ressembler a ma propre main. real hand.

Il m'a semblé que la main que je regardais m'appartenait. 3 It seemed like the hand | was looking at belonged to me.

Il m'a semblé que la main que je regardais était ma main 4 It seemed like the hand | was looking at was my left hand
gauche.

Il m'a semblé que la main que je regardais faisait partie de 5 It seemed like the hand | was looking at was part of my body.
mon corps.

Déclaration de localisation Location statements

Il m'a semblé que je sentais le toucher exercé par ma 6 It seemed like | was feeling the touch made by my partner in

partenaire a I'endroit ou je voyais sa main gauche. the location where the hand | was looking at was.

Il m’a semblé que ma main gauche semblait étre la ou était 7 It seemed like my left hand was in the location where the hand

la main que je regardais. I was looking at was.

Il m'a semblé que la main 8 It seemed like the hand I was looking at was in the location
que je regardais était la ou se trouvait ma main gauche. where my left hand was.

Il m'a semblé que le toucher que je ressentais était causé par 9 It seemed like the touch I felt was caused by me touching the

ma main qui touchait la main de ma partenaire. hand I was looking at .

éclaration de la perte de main Loss of one’s hand statements

10 Il m’a semblé que je ne pouvais pas bouger ma main gauche. 10 It seemed like | was unable to move my left hand.

11 II m’a semblé que je ne pouvais pas vraiment dire ou se 11 It seemed like I couldn’t really tell where my left hand was.
trouvait ma main gauche.

12 1l m'a semblé que ma main gauche avait disparu. 12 It seemed like my left hand had disappeared.

13 1l m’a semblé que ma main gauche était hors de mon 13 It seemed like my left hand was out of my control.
contrdle.

In addition to the SRHI-Q, participants answered a series of brief statements to assess their
Perceived Similarity to the experimenter. Specifically, we adapted the statements based on the
works of Myers & Hodges (2011), Goldstein & Cialdini (2007), and Batson et al. (1997).
Participants rated their feelings on a 9-point Likert scale, ranging from “Not at all” to “Extremely,”
regarding the extent to which they felt: (1) they shared similar attributes with the experimenter; (2)
they had a shared identity with the experimenter; and (3) they were similar to the experimenter. The
composite score of the three statements constitute the measure of Perceived Similarity (Goldstein &
Cialdini, 2007). Again, it was expected significantly increased scores to each statement following

synchronous stroking sessions.



Interpersonal Intersensory Task

Alternatively to the SRHI-Q, participants performed the IIT after one of the two stroking sessions in
each block. Again, it is important to note that the SRHI-Q and IIT order of presentation was
counterbalanced across participants. Participants were informed that a mechanical stimulator would
deliver a tactile stimulus to their hidden left index or ring fingers. Two solenoids were positioned
underneath the target fingers, integrated within the platform that balanced the hands’ elevation,
ensuring no interference with the stroking session and preventing hand movements between
stroking sessions (Fig. 4-A). Participants were instructed to accurately discriminate the perceived
location of the tactile stimulus (left index or ring finger) as quickly as possible. A keyboard was
placed beneath their right hand with a 45-degree angle (Fig 1-B), allowing them to respond by
pressing the left arrow key to indicate stimulation on the left ring finger (with their right index
finger) or the right arrow key for stimulation on the left index finger (with their right ring finger).
Participants were informed that a task-irrelevant visual cue would appear on the monitor, close to
the index and ring fingers of the experimenter's hand. However, they were instructed to respond
solely to the tactile stimulation on their own hand. Thus, the tactile stimuli delivered to the
participants’ fingers, combined with the visual cues near the experimenter's fingers, could result in:
(1) spatially congruent visuo-tactile interpersonal stimulations, and (2) spatially incongruent visuo-
tactile interpersonal stimulations (Fig. 4-B)(Visuo-Spatial Congruency Factor). Visuospatial
congruency refers to the spatial alignment between the stimulated fingers of the participant and the
experimenter. From the participant's perspective, when considering the midline of both hands, the
congruent condition occurs when the visual cue near the experimenter's hand and the tactile
stimulus on the participant's hand are spatially aligned (e.g., both on the left or both on the right). In
contrast, in the incongruent condition, the visual and tactile cues are misaligned (e.g., one on the left
and the other on the right).

During the task, participants were asked to focus on a 1 cm fixation cross presented 3 cm away
from each visual cue, close with the middle finger position of the experimenter. The fixation cross
was displayed during an intertrial interval ranging from 1 to 1.75 seconds, as in Rohe et al. (2019).
The visual cues presented near the experimenter's fingers measured 2 cm in diameter, consistent
with previous studies (in between the dimensions used in Teramoto, 2018; Brozzoli et al., 2013).
The experimenter's left index finger was positioned at the same height as the participant's hidden

left index finger, with a distance of 25 cm separating the two fingers. The duration of the visuo-



tactile stimulation was 100 ms. Participants were allowed to respond only after the visuo-tactile
stimuli offset, to minimize false positive responses. If no discrimination response was recorded
within 1,500 ms of the target offset, the trial would terminate; otherwise, the participant's response
concluded the trial (similar to Spence et al., 2004). The complete trial timeline is illustrated in Fig.
4-C.
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Figure 4. A) Setup display. The participant's left hand is shown hidden in the box, while the experimenter’s left hand
is shown on the monitor. B) Visuospatial conditions. Tactile stimulation is applied on participant’s left index/ring
fingers, while visual cues are showed near the experimenter's left index/ring fingers. Visuo-spatial congruence (left
panel) and incongruence (right panel) between the visuo-tactile stimuli is shown. In the congruent condition, the visual
and tactile cues match spatially, while in the incongruent condition, they do not. C) Task timeline. Participants are
instructed first to focus on a fixation cross. Synchronous visuo-tactile stimuli (100 ms) are delivered to the participant's
and experimenter’s fingers, and participants must respond as quickly as possible to the tactile stimuli. Visual cues near



the experimenter's hand are task-irrelevant but can be spatially congruent or incongruent with the tactile stimulation on
the participant's hand. Responses must be made within 1500 ms from the stimulus offset.

In each block, participants completed 20 trials per condition (Congruent/Incongruent), resulting in a
total of 40 trials per block (Asynchronous/Synchronous), consistent with the prior literature
(Maravita et al., 2003; Spence et al., 2004). Additionally, each condition included 6 catch trials
without any visual distractor (only tactile stimulation), 12 per block, which were not included in
subsequent analyses. The total duration of the task was approximately 2 minutes, with stimuli
presentation and randomization managed by E-Prime 3 software (Psychology Software Tools Inc.,
Pittsburgh, PA).

Procedure

Upon signing the informed consent documents and receiving detailed instructions, participants
placed their left hand inside the box. They engaged in a brief training session lasting approximately
1 minute, during which they experienced both types of stroking (synchronous and asynchronous).
Following this, the experimenter explained the procedure for assessing proprioceptive drift and
recorded baseline measurements for the first block. Proprioceptive drift tasks were conducted at
baseline before the start of each block to evaluate the impact of stroking on the reported position of
the index finger across sessions. Participants also received training for the 11T, completing a trial
run consisting of 10 attempts. If participants’ accuracy fell below 50% during the trial, the
experimenter requested that they repeat the 11T training.

Once instructions and trial runs were completed, the experiment commenced. Two sessions of
stroking (lasting 1.5 minutes each) and proprioceptive drift assessments were performed twice per
block (synchronous and asynchronous). Following each stroking, participants completed the
proprioceptive drift measurements and either the IIT or the SRHI-Q in a counterbalanced order,
resulting in one completion of each per block (synchronous/asynchronous). The presentation order
of the synchronous and asynchronous blocks was also counterbalanced across participants.
Demographic information and inquiries regarding participants' levels of socio-tactile interaction
were collected before the experiment to verify compliance with inclusion criteria. All
questionnaires were administered via computer using the Qualtrics platform (Qualtrics International
Inc.).

The entire experiment (Fig. 5) lasted, on average, approximately 1.5 hours.
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Figure 5. Experimental Procedure Overview. Proprioceptive drift was assessed at baseline before each block, and
after each subsequent stroking sessions (1.5 minutes each). Participants completed the HT or SRHI-Q in a
counterbalanced order after each drift measurement. The presentation order of synchronous and asynchronous blocks
was also counterbalanced across participants. At the end of the experiment, various questionnaires were administered.

2.3.3. Data Analyses and Results

Proprioceptive Drift Task

In our analysis, the origin (zero point) in our drift measurement was established at the corner of the
box positioned along the midline between the participant and the experimenter (see Fig. 3),
specifically on the side between the experimenter's hand and body. To obtain a unified measure of
proprioceptive drift, we calculated an index by computing the Euclidean distance from the origin
between reported drift along the x and y axes (V(x2+y2)), representing the perceived hand position
relative to the partner. Data were collected at three-time points: baseline, session 1, and session 2
for each block (synchronous/asynchronous). To measure proprioceptive drift accurately, we
subtracted the proprioceptive judgment recorded in each post-stroking manipulation from the
baseline measurement obtained before the manipulation. This approach allows us to interpret
positive drift values as an increased proprioceptive drift toward the experimenter's hand. No
corrections were made for the real hand position when calculating the proprioceptive drift.

Since the data generally met the assumption of normality (Shapiro-Wilk test p > 0.05), a 2 (Stroking
Session: 1, 2) x 2 (Stroking Synchronicity: Synchronous, Asynchronous) within-subject repeated
measures Analysis of Variance (ANOVA) was conducted. Holm-corrected pairwise comparisons
were performed to explore significant interactions further (Table 2).

Table 2. Results of repeated Measures Analysis of Variance on Proprioceptive Drift (in cm) with
Effect Sizes (partial eta-squared) reported. Asterisks flags significant p-values.




Cases Sum of Squares  df Mean Square F p %

Stroking Synchronicity 0.745 1 0.745 0.120 0.731 0.003
Residuals 217.427 35 6.212

Stroking Session 5.298 1 5.298 4,719 0.037* 0.119
Residuals 39.295 35 1.123

Stroking Synchronicity sk Stroking Session 0.013 1 0.013 0.015 0.902 4.349x10*
Residuals 30.398 35 0.869

Note. Type Il Sum of Squares

The analyses revealed a main effect of Stroking Session (F(1,35) = 4.72; p = 0.04; n?p = 0.12), but
no main effect of Stroking Synchronicity (p = 0.73) or a significant interaction (p = 0.90).
Specifically, Session 2 shows a significant drift toward the experimenter’s (M = 0.05; SD = 0.48)
than Session 1 (M = 0.03; SD = 0.50) (Fig. 7).
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Figure 7. Main effect of Stroking Session on Proprioceptive Drift (in cm). A significant main effect of Stroking
Session was observed (p = 0.04), indicating more significant drift in Session 2 compared to Session 1. Error bars
represent the standard deviation.

‘Social’ Rubber Hand Illusion Questionnaire

According to Shapiro-Wilk test, not all conditions met the normality criteria (p < 0.05), therefore a
3 Component (Ownership, Location, Hand Loss) x 2 Stroking Synchronicity (Synchronous,
Asynchronous) Friedman ANOVA was conducted, that resulted significant (x> = 96.04; p = 0.00).



Wilcoxon Matched Pairs Test were performed to follow up on comparisons in each Component
between the Synchronicity levels, corrected for multiple comparisons (e.g., 2 in our case) to

mitigate the risk of false positives (corrected significance level of p < 0.025)(Table 3).

Table 3. Wilcoxon Matched Pairs Test. Asterisks flag significant p-values (< 0.025).

W z p Rank-Biserial SE Rank-Biserial
Correlation Correlation
Ownership, - Ownership, 112.50 - 0.024* -0.483 0.209
Asynchronous Synchronous 0 2.270
Location, - Location, 38.000 - <.001* -0.847 0.203
Asynchronous Synchronous 4.115
Hand Loss, - Hand Loss, 299.50 - 0.805 -0.049 0.191
Asynchronous Synchronous 0 0.254

Note. Wilcoxon signed-rank test.

The test highlight that Ownership was significantly experienced after the Synchronous sessions (M
= -1.28; SD = 1.48) compared to the Asynchronous ones (M = -1.93; SD = 1.38) (p = 0.02).
Furthermore, for the Location component, in the Asynchronous strokings (M = -1.77, SD = 1.26),
participants reported less confusion between the location of their hand and the observed one, but
also regarding the performed and received touch, compared to the Synchronous one (M =-0.55, SD
= 157, p < 0.00). These differences between Stoking Synchronicities (Synchronous,
Asynchronous) were absent in the Hand Loss component (p = 0.81) (Table 3).

In summary, the SRHI-Q Components of Ownership and Location were affected by the Stroking
Synchronicity, and the result indicates that the illusion was less experienced after the Asynchronous
stroking sessions, in line with previous literature (Longo et al., 2008: Tsakiris et al., 2010). In
contrast, the Hand Loss component was overall reported after both the Synchronous (M = 0.22, SD
= 1.48) and Asynchronous stroking sessions (M= 0.17, SD = 1.27)(Fig. 8).
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Figure 8. Results of the interaction between Stroking Synchronicity (Synchronous, Asynchronous) * SRHI-Q
Components (Ownership, Location, Hand Loss). Asterisks flag significant interactions. Error bars represent the
standard error.

Perceived Similarity

According to the Shapiro-Wilk test data met normality criteria (p > 0.05), than an ANOVA was
conducted on the effect of the Stroking Synchronicity (Synchronous, Asynchronous) on the
composite scores to the three statements (general perceived similarity, shared dentity and attributes)
of the Perceived Similarity measure (see SRHI-Questionnaire section). The test resulted in no
significant difference in the perceived similarity with the experimenter across conditions and

overall moderately positive scores (M = 4.66; SD = 1.99) (Figure 9).
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Figure 9. Results of the Anova on Perceived Similarity of the Stroking Synchronicity. Error bars represent the
standard error.

Interpersonal Intersensory Task

The dependent variables employed for the statistical analysis comprises the Reaction Times (RTS)
for the Tactile Response (in ms), corresponding to the offset timing between the appearance of the
visuo-tactile stimulation and the discrimination response of the participant to the tactile stimulus,
measuring VTI effects in the paradigm. Accuracy (ACC) was also considered, corresponding to the
correct discrimination of the tactile stimulation location (index/ring).

We refined the dataset by excluding catch-trials. From the RTs, also inaccurate trials were excluded
from the analyses and trials where participants missed the tactile stimulation (i.e., did not initiate
keyboard response). Furthermore, to ensure data quality and avoid extreme values that could have
been linked to attentional biases or fatigue errors, at the individual trial level, any value exceeding
or falling below + 2.5 standard deviations of the individual mean for each experimental condition
was treated as outlier and excluded from the analyses (Ratcliff, 1993). Additionally, two
participants could not perform the task, while one participant exhibiting RTs that diverged by + 2.5
standard deviations from the group mean was identified as an outlier (Ratcliff, 1993) and the three

were excluded from all the subsequent analyses.

Reaction Times
Since the data significantly deviated from normality in the Congruent conditions according to the
Shapiro-Wilk test (p < 0.00), a 2 Stroking Synchronicity (Synchronous, Asynchronous) X 2



VisuoSpatial Congruency (Congruent, Incongruent) Friedman ANOVA was conducted on RTs, that

resulted significant (x? = 68.71; p = 0.00). Thus, Wilcoxon Matched Pairs Test were performed

(Table 4), corrected for multiple comparisons to mitigate the risk of false positives (e.g., 4 in our

case), resulting in a corrected significance level of p < 0.01.

Table 4. Wilcoxon Matched Pairs Test on RTs. Asterisks indicates tests are significant at p <.01

Pair of Variables Valid T z p-value
Synchronous_Congruent * Synchronous _Incongruent 33 1.000000 4.994058 0.00*
Synchronous _Congruent * Asynchronous_Congruent 33 218.0000 1.116739 0.26
Synchronous _Incongruent * Asynchronous_Incongruent 33 272.0000 0.151877 0.88
Asynchronous_Congruent * Asynchronous_Incongruent 33 0.00 5.011926 0.00*

These results suggest a main effect of VisuoSpatial Congruency (all p < 0.00), reflecting the
classical VTI effects with slower RTs for Incongruent trials (M = 445.02, SD = 112.11) compared
to Congruent ones (M = 327.41, SD = 100.72) (Maravita et al., 2003; 2002; Spence et al., 2000;

2004). While, the interactions between the factor levels did not achieve statistical significance (all p

> 0.05), showing that synchronous and asynchronous stroking did not differ in the impact on the

VTI effect in the 1T task (Fig. 10).
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Figure 10. IIT - Reaction Time (in ms) Results. The graphs show the data distribution in the Interpersonal
Intersensory Task of the RTs for Tactile Responses. The classical VTI effect was found for Congruent*Incongruent
trials in both Synchronous and Asynchronous sessions.

Accuracy

A 2 Stroking Synchronicity (Synchronous, Asynchronous) X 2 VisuoSpatial Congruency
(Congruent, Incongruent) Friedman ANOVA was conducted on ACC (20 trial per condition) and
resulted significant (x?> = 43.11; p = 0.00). Wilcoxon Matched Pairs Test were performed, corrected
for multiple comparisons to mitigate the risk of false positives (e.g., 4 in our case), resulting in a

corrected significance level of p < 0.01. The results complemented the one found for RTs (Table 5).

Table 5. Wilcoxon Matched Pairs Test on ACC. Asterisks indicates tests are significant at p <.01

Pair of Variables Valid T z p-value
Synchronous_Congruent * Synchronous _Incongruent 27 3.500000 4.456637 0.00*
Synchronous _Congruent * Asynchronous_Congruent 22 113.0000 0.438286 0.66
Synchronous _Incongruent * Asynchronous_Incongruent 29 209.0000 0.183797 0.85
Asynchronous_Congruent * Asynchronous_Incongruent 28 19.50000 4.178556 0.00*

The results suggested a main effect of VisuoSpatial Congruency (all p < 0.00) reflecting the
classical interferent effects in reduced ACC for Incongruent trials (M = 16.44 SD = 2.92) compared
with Congruent ones (M = 19.02, SD = 1.10). The interactions between factor levels did not achieve
statistical significance (all p > 0.05), showing that synchronous and asynchronous stroking sessions
did not impact the accuracy of the VTI effect in the IIT task (Fig. 11).
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Figure 10. IIT - Accuracy (across 20 trials) Results. The graphs show the data distribution in the Interpersonal
Intersensory Task of the ACC for Tactile Responses. The classical VTI effect was found for Congruent*Incongruent
trials in both Synchronous and Asynchronous stroking sessions.

2.3.4. Discussion

The present findings highlight the intricate interplay between multisensory visuo-tactile
integration and body ownership in social contexts. Here, we presented a novel approach that goes
toward a ‘social’ rubber hand illusion task, revealing the impact that interpersonal exchanges can
have on body and space perception.

The proprioceptive drift task revealed a significant effect of session repetition, through stroking
synchronicity had no impact on participants’ reports of their hand position relative to the
experimenter’s hand. These results indicate that repeated exposure to the task increased
proprioceptive drift, irrespective of whether the stroking was synchronous or asynchronous. This
finding contrasts with traditional RHI studies, which emphasize the crucial role of synchronicity in
inducing proprioceptive changes (Botvinick & Cohen, 1998; Tsakiris et al., 2005, 2006). A
potential explanation for the absence of a synchronicity effect could be the social nature of our

paradigm, where the proximity and the mutual interaction with another individual might already be



sufficient to induce proprioceptive adjustments toward the partner, reducing the influence of
stroking synchronicity.

These results align with previous research stating that embodiment sensations and shifts in
proprioception can be dissociated (Rohde et al., 2011; Gallagher et al., 2021). Notably, the SRHI-Q
revealed a significant effect of stroking synchronicity on the Ownership and Location components,
reinforcing the importance of synchronous multisensory signals in evoking a sense of embodiment,
consistently with previous literature (Botvinick & Cohen, 1998; Longo et al., 2008; Tsakiris et al.,
2010). In the synchronous condition, participants reported a stronger sense of ownership and
confusion about the location of their hand, as well as perceived congruence between received and
executed touch. Interestingly, this effect showed even for a hand in an implausible position, as
expected. This finding stands in contrast to earlier studies that reported the RHI failing to manifest
for unrealistic hands orientations (Farne et al., 2000; Tsakiris & Haggard, 2005). A potential
explanation lies in the social mutual nature of our task, which may have created a more compelling
multisensory integration in synchronous conditions so that the sense of embodiment extended to the
partner as a result of integrated afferent and efferent inputs. The absence of a significant
synchronicity effect on the Hand Loss component further supports this interpretation, suggesting
that this novel paradigm might induce a robust sensation of touching one’s own hand while stroking
the partner.

The lack of effect on Perceived Similarity indicates that the illusion might not extend to altering
higher-order interpersonal perceptions, such as the sense of shared identity or personal attributes.
Alternatively, the interaction dynamics in our task may have fostered a general perceived similarity
with the partner as a result of the mutual engagement in both synchronicity conditions. This
interpretation complements previous findings in interpersonal motor task, which are proven to
increase other social processes such as affiliation (Hove & Risen, 2009), trust (Wiltermuth & Heath,
2009) and conformity (Wiltermuth, 2012).

Lastly, the IIT results observed are consistent with the classical visuo-tactile interference effects
(Spence et al., 2000; Maravita et al., 2003). However, these effects did not vary with the prior
synchronous or asynchronous manipulations, suggesting that multisensory integration mechanisms
underlying VTI may be distinct from those contributing to the subjective experience of the RHI.
These findings, however, align with Fossataro et al. (2023), who proposed that the representation of
self-space may shrink relative to another person during tactile tasks, which could explain why
tactile discrimination performance remained stable across conditions despite subjective changes in

body ownership.



Limitations & Future Directions

While this study provides novel insights into the social dimensions of body ownership and
perception, it is important to acknowledge several limitations.

Firstly, the sample consisted exclusively of same-gender female dyads. Although this choice helped
control potential confounding factors, such as differences in hand appearance or gender dynamics, it
limits the generalizability of the findings. Future research should investigate mixed-gender and
male dyads to assess whether the effects observed in this study hold across different gender and
populations. This could be addressed in future studies by using video-recordings or kinematic
traking improving the control over this factor.

Secondly, while the mutual movement set-up introduced here guarantee an ecologically valid
interaction between participants and the experimenter, differences in the precision, intensity, and
timing of the stroking should have been controlled better, to ensure the absence of variability across
participants.

Thirdly, the design of the asynchronous condition, meant to disrupt predictability and visuo-tactile
integration, was not aligned with the traditional RHI methods. The disruption was not limited to
timing and synchrony but extended to include differences in movement type and location,
potentially introducing additional dynamics beyond the intended disruption of multisensory
integration. Similarly, the measurement of the proprioceptive drift differed from previous studies,
potentially affecting the results. While these modifications were implemented to accommodate the
novel aspects of the paradigm introduced in this study, future research should aim to more closely
align the asynchronous condition and the proprioceptive drift task with the established classical RHI

protocols and our group is already structuring a follow-up study considering all these aspects.

Conclusions

In conclusion, while stroking synchronicity enhances feelings of body ownership and alters
subjective body perceptions, it appears to have minimal effects on higher-order social cognition or
automatic VTI processes. These findings suggest a dissociation between the multisensory
mechanisms that govern body ownership and those that govern sensory processing in interpersonal
contexts. Future research should deepen the understanding on how these processes and social

factors interact.



This study adds to the literature on body and space representation, showing that synchronicity in
interactive contexts fosters embodiment, even with an implausible hand position, though its impact
on social cognition and visuo-tactile integration is limited. While these findings are primarily based
on subjective measures, this study advances our understanding multisensory integration by

extending it to social contexts and calls for future exploration of the underlying neural mechanisms.



2.4. The Hidden Cost of Outgroup Coordination: Action
Delays in Joint Actions.

2.4.1. Introduction

Racial differences are a straightforward cue to rapidly categorize others within a stereotype
(Cosmides et al., 2003). This immediate categorization can shape intergroup interactions, leading to
implicit biases and prejudicial attitudes, resulting in discrimination and social inequality (Devine,
1989; Amodio, 2008; Maister et al., 2013). Examples of biases in favor of one’s racial group,
compared to racial out-groups, have been documented in a series of domains spanning from judicial
decision-making to sport, also including medical practice (Do Bu et al., 2023; Shayo & Zussman
2011, Zhang, 2017). Although the study of racial biases has a long tradition in social psychology
(Dovidio et al., 2005), neuroscientists have started to systematically investigate the neural bases of
racialized cognition only in the last decades (Ito & Bartholow, 2009; Kubota, Banaji & Phelps,
2012). Some authors have focused on the neural processing of faces and bodies belonging to racial
in-groups and out-groups (e.g., Ito & Urland, 2005; Watson & De Gelder, 2017; Vizioli et al., 2010;
Zhou et al, 2020). Differently, other researchers have shown more interest in studying mirroring and
empathy responses in the brain when observing individuals sharing the same or a different ethnicity
compared to the participant (e.g., Avenanti, Sirigu & Agliot, 2010; Azevedo et al., 2013; Contreras-
Huerta et al., 2013; Gutsell & Inzlicht ,2010; Sheng & Han, 2012). The latter showed how racial
biases affect neural responses to observed actions and pain. For instance, Gutsell and Inzlicht
(2010) found motor cortex activation when participants watched actions performed by their in-
group members, but reduced activation for racial out-groups. Another relevant work was conducted
by Avenanti et al. (2010), who found that observing pain in same-race individuals triggered typical
neural empathy responses in the motor and sensorimotor cortex, while this response was absent for
other races. This lack of neural resonance correlated with implicit racial biases measured by the
Implicit Association Task (IAT; Greenwald et al., 1998). Han (2018) provided an extensive
summary of research evidence concerning differential brain activations when witnessing same-race
or other-race individuals experience pain. His review highlighted how the neural empathetic
response is stronger when elicited by a person from the same ethnic group than a member from an

ethnic outgroup, which seems to be shaped by sociocultural and environmental factors.



Nevertheless, the author also underlined that this biased neural response can be diminished by
interventions that reduce the distance between the in-group and the out-group.

Hence, racial group membership and stigma can impact mirroring and empathic processes
(Decety et al., 2009; Stirmer et al., 2006; Yabar et al., 2006; Link & Phelan, 2001), but those
effects may be mitigated. To better understand how to disrupt the bias, researchers started
investigating the neural underpinnings of racial prejudice and discrimination in the first place. It
was suggested that reduced medio-prefrontal cortex (mPFC) activity may reflect a dehumanization
process characterized by decreased empathy toward others (Amodio, 2014). Indeed, previous
literature indicates that the mPFC is implicated in racial stereotyping (Interactiveman et al., 2010;
Gilbert et al., 2012). The mPFC appears to be significantly engaged when individuals regulate their
intergroup responses in accordance with non-prejudiced norms, suggesting a crucial self-regulatory
role for this area in mitigating prejudice (Amodio et al., 2006). This involvement of the mPFC is
attributed to its position at the intersection of neural regions associated with the representation of
one’s actions (dACC) and the representation of another person’s actual and anticipated actions
(anterior mPFC and orbital frontal cortex) (Amodio & Frith, 2006).

Taken together, these findings indicate how racial group membership could modulate the activity
of brain areas involved in the simulation and anticipation of others' actions, potentially affecting
cooperation and coordination in social interactions. It remains an open question whether implicit
racial attitudes and, subsequently, the outcomes of social interactions, may be altered by
experimentally inhibiting the neural areas involved in racial stereotyping.

Understanding the neural basis of social interaction with the out-group could provide valuable
insights into social cognition processes and into developing interventions aimed at reducing
prejudice and racial biases. To do so, the present study combines a joint action task and the use of
repetitive transcranial magnetic stimulation (rTMS) to explore the complex role of the mPFC in
regulating interaction with an out-group member to achieve a common goal. In three different
experiments, participants were presented with two virtual partners during the joint action task: an
out-group (Black) or an in-group (White) avatar (the control condition). The instruction was to
synchronize with the partner to gasp together a bottle-shaped object in front of them, performing the
same or opposite movement relative to the avatar. A recent study has already proven how a
partner’s racial membership can modulate interactive behaviors (Sacheli et al., 2015a). Sacheli et al.
(2015a), showed how belonging to different ethnicities reduces predictive embodied simulations of

an out-group partner’s movements. Therefore, before the joint action task, a continuous theta burst



stimulation (cTBS; Huang et al., 2005) was administered to investigate the role of mPFC in
coordinating with an out-group partner after a virtual inhibition of the area.

We specifically aimed to investigate whether mPFC inhibition reduces predictive simulation and,
consequently, the ability to synchronize during joint action with an out-group member while
exploring the previously found modulation of partner racial membership on interaction for shared
goals. Furthermore, we aimed to evaluate whether the stimulation could increase explicit and

implicit racial biases as measured by the Affect Misattribution Procedure (AMP).

2.4.2. Materials and Methods

Participants

The sample comprised sixty caucasian participants, but 5 participants were excluded from all the
analyses since they did not meet our inclusion criteria. Hence, the final sample comprised fifty-six
participants (Experiment 1, N = 16; Experiment 2, N = 15; Experiment 3, N = 24; 28 males; mean
age = 24.69 * 3.97). All participants were right-handed, as evaluated by the Standard Handedness
Inventory (Briggs & Nebes, 1975), and presented normal or corrected-to-normal vision. To be
included in the sample, participants had to read and fill out a screening questionnaire that evaluated
their suitability to undergo TMS (Rossini et al., 2015). Participants who reported any of the
contraindications indicated by the questionnaire and those who reported using drugs with effects on
the nervous system or being affected by psychiatric or neurological syndromes were excluded from
all three experiments.

The experimental protocol was approved by the ethics committee located in Fondazione Santa
Lucia and was conducted in agreement with the 1964 Declaration of Helsinki. Participants were
recruited by email and word of mouth, and written informed consent was signed. No monetary

compensation was provided for the participation in the experiment.

Affect Misattribution Procedure

Two versions of the affect misattribution procedure (AMP; Payne et al., 2005), adapted from those
used by Boukarras and colleagues (2020), were implemented to indirectly measure the prejudice
toward caucasian (in-group) and African (out-group) ethnicities. The AMP is a task widely used to
evaluate implicit biases toward specific categories, which requires individuals to evaluate an

ambiguous target stimulus (e.g., Chinese characters for people who cannot read Chinese) preceded



by a prime. Given the ambiguity of the target, the evaluation is influenced by the affect
automatically elicited by the priming stimulus, even when the participant is overtly asked to ignore
it (Payne & Lundberg, 2014). Thus, a prime that evokes a negative affective state in the participant
induces a worse judgment of the target.

In the three experiments, participants were asked to evaluate several Chinese ideograms
aesthetically, ignoring the stimuli that preceded their appearance on the screen. Those priming
stimuli consisted of 10 black and 10 white faces of real individuals selected from the Chicago Face
Database (Ma, Correll & Wittenbrink, 2015). A validation of the stimuli was conducted in a sample
of caucasian Italian participants (N = 30), in which no significant differences emerged in
participants’ evaluation of white and black faces along a series of dimensions (i.e., age, fearfulness,
anger, attractiveness, being baby-faced, disgust, dominance, happiness, femininity, sadness, being
threatening, trustworthiness; all ps > .05). A first version of the AMP was intended to measure the
bias induced by a prime presented below the perceptual awareness threshold (Sub-threshold,;
Boukarras et al., 2020; Murphy & Zajonc, 1993). In this version, the trial started with a fixation
cross at the center of the screen, which was replaced after 1000 ms by a forward mask lasting 100
ms. Then, the image of a white or black person's face (e.g., the priming stimulus) appeared. The
face remained for 17 ms and was followed by a scrambled version of the same image (i.e.,
backward mask). After another 100 ms, a Chinese ideogram (i.e., target stimulus) was shown for
1000 ms. Finally, a vertical Visual Analog Scale (VAS) appeared on the screen, with a label over its
top end stating “Extremely” and one below its bottom end stating “Not at all”. Participants were
asked “How much do you like this image?” and were instructed to click on the segment of the VAS
that reflected their judgment (Fig. 1-A). Their answer to the VAS would start the subsequent trial.
In a second version of the task, created to investigate the bias produced by a prime shown over the
perceptual threshold (Boukarras et al., 2020; Payne et al., 2005), everything was the same except
for the absence of a forward mask and the presentation time of the priming faces, which was 75 ms
(Sovra-threshold) (Fig. 1-B).
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Fig 1. A) Sub-Threshold Priming: Participants viewed a fixation cross (1000 ms), followed by a forward mask (100
ms). A face prime (Black or White) was presented briefly (17 ms), immediately followed by a backward mask (100
ms). Afterward, a Chinese ideogram appeared for 1000 ms. Participants then rated how much they liked the ideogram
using a Visual Analog Scale (VAS) from "Not at all" to "Extremely"”. B) Sovra-Threshold Priming: This version
followed the same procedure as panel A, but without a forward mask, and the face prime was presented for a longer
duration (75 ms), making it consciously visible. Participants again rated the ideogram using the VAS.

Notably, the pairing and the order of presentation of priming faces (N = 20) and ideograms (N = 36)
were randomized through E-Prime2 software (Psychology Software Tools Inc., Candidi et al.,
2017; Era et al., 2023; Era, Aglioti & Candidi, 2020; Moreau et al., 2020; Pittsburgh, PA). Each
ideogram was presented twice, once after a caucasian face and once after an African face.
Moreover, the size of the prime and the scrambled images was the same (362 px in length, 450 px
in height), while the Chinese ideograms were bigger (512 px large, 344 px in height). The total
number of trials in a block was 36 (equal in both versions), in both tasks, there were two blocks, for
a total of 72 trials per task. Participants could also take a break when needed after the first block of

trials in each task.

Experimental set-up and joint grasping task

To study participants’ motor coordination with virtual partners representing different ethnic groups,
we adopted a joint grasping task, which has been repeatedly and successfully applied to the study of
the neural underpinnings of dyadic motor performance (Boukarras et al., 2021; Sacheli et al., 2015a,

Sacheli et al., 2018). The task required participants to coordinate with two virtual partners (one at a



time) to synchronously grasp a bottle-shaped object. To reach their goal, participants had to
continuously track and adapt to their partner's movements, an avatar. This mechanism underlines
how the task could reproduce human-human joint actions in a more controlled set-up (Sacheli et al.,
2012; 2013; Candidi et al., 2015; Era et al., 2018; Boukarras et al., 2021).

Participants were seated at a rectangular table (120 x 75 cm), a LCD monitor with a 1024 x 768
resolution was placed about 60 cm from them, while a bottle-shaped object composed of two
superimposed cylinders (37 cm height) was placed between the monitor and participants, at a
distance of 45 cm from the eyes of the latter. To grasp the object, participants were instructed to
touch the front side with their right thumb and the backside with their right index. The bottle
consisted of two stacked rectangles with different widths. The grasp could be performed on the
upper or lower half of the object. Participants were instructed to use a precision grip on the upper
section (2.7 cm diameter) or a power grip on the lower section (6.5 cm diameter). Four plates
sensitive to touch were located on the target object, two on the upper half and two on the lower half,
at distances of 15cm and 22cm along the vertical height of the object so that the exact time of
participants’ grasp was recorded.

Following, we report the timeline of a single trial (Fig. 3-A). Before the trial started, participants
placed their right thumb and index fingers, joined, on a button located on their right, at a 34 cm
distance from the bottle-shaped object. Subsequently, a fixation cross appeared at the bottom left of
the screen for 300 ms, corresponding to the location where the partner's hand would be displayed
and the partner’s movement started. After the cross disappeared, a clip showing the partner moving
his right arm to grasp a virtual bottle-shaped object identical to the one on the table was displayed
on the monitor. Before the clip was reproduced, an audio instruction lasting around 193ms was
transmitted via headphones, which consisted of one of two words: “same” or “opposite”. The
“same” instruction informed participants to imitate the movement performed by the partner, while
the “opposite” instruction indicated they had to perform a complementary movement. At this point,
participants lifted their fingers from the starting button and tried to grasp the object as
synchronously as possible with their partner. The virtual partner could grasp the target object on its
lower or upper half. Therefore, an imitative movement (Same) implied that the participant and the
partner grasped the object on the same half (i.e., both on the lower or both on the upper half).
Conversely, a complementary movement (Opposite) required participants to grasp the object on the
opposite half compared to the partner (i.e., participant on the lower half and virtual partner on the

upper half or vice versa).
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Fig 2. Set-Up Illustration. The left panel displays the table setup, which includes the participant's starting position, as
well as the distances between the participant, the avatar, and the bottle-shaped object to be grasped. The right panel
highlights the fingers involved in the grasping action (the index finger and thumb) and shows the possible movement
types in relation to the partner (either opposite or same).

Participants were unaware of the ending location of the partner's movement before a trial started.
Thus, they had to monitor their movement online to grasp the target object on the correct half. A
photodiode was positioned on the lower right of the monitor to measure the exact time of the virtual
partner touch, avoiding potential errors due to the refresh rate. When the partner grasped its object,
a white rectangle appeared on the portion of the screen where the photodiode was located. The
change in luminosity caused by the rectangle was recorded by the photodiode, which communicated
it to a trigger station (BrainTrends Ltd., Italy), which in turn sent a signal to the E-Prime2 software
(Psychology Software Tools Inc., Pittsburgh, PA), used for the timings acquisition and trial

administration.

Virtual interaction partners

The two male virtual partners used in the joint grasping task were created following the same
procedure used by previous studies (Candidi et al., 2017; Moreau et al., 2020). The kinematics of a
real individual performing a series of movements to grasp the bottle-shaped object with their right
hand were recorded by means of a SMART-D motion capture system [Bioengineering Technology
& Systems (BJ|T|S)]. Following, those kinematics were implemented on two avatars through
MotionBuilder 2017 (Autodesk, Inc.), while the 3DS Max 2017 software (Autodesk, Inc.) was used
to implement the rest of the virtual scenario in which the avatars were shown. The skin color of the
avatars was modulated to represent two partners from different ethnic groups (one caucasian and
one African). Moreover, only part of the avatars’ body was displayed, from their shoulders to the
end of their torso. Their face was not shown to clear out any influence related to trustworthiness,
dominance, and other dimensions that people automatically infer just by looking at faces with no
prior information (Oosterhof & Todorov, 2008; Todorov et al., 2008, 2013). A series of clips

showing the virtual partners grasping the bottle-shaped object were implemented using E-Prime2.



Five clips were created for both avatars. In half of the trials, the avatars grasped the object on the
lower part (power grip), and in the other half, they grasped it on the upper part (precision grasp). To
reduce the predictability of the virtual partners, the duration of their grasping movements was
varied between trials. It must be noted that 12.5% of trials contained a movement correction, that is,
the partner started to move toward one half of the object and then suddenly changed direction,
grasping the other half. This type of correction was introduced to reduce the predictability of the
partners’ movements and increase participants' need to monitor and adapt online to the partner.
Those trials were considered “catch” trials and were not included in the statistical analyses. All

video stimuli had a duration of approximately 2000ms.

Transcranial magnetic stimulation

TMS is a pain-Interactive and safe technique that allows the direct stimulation of a small neuronal
population (Pascual-Leone et al., 2000). Repetitive TMS (rTMS) is a magnetic stimulation capable
of inducing physiological and behavioral changes over a longer time than the stimulation itself
(Siebner & Rothwell 2003). rTMS is a technique that only presents contraindications in particular
clinical conditions. Therefore, participants’ suitability in the study was assessed by employing an
ad-hoc questionnaire (Rossini et al., 2015). A 20-second continuous theta burst stimulation (cTBS)
paradigm, that has been shown to have an inhibitory effect on the stimulated site starting 5 minutes
after stimulation and lasting up to 20 minutes after stimulation (Huang et al., 2005). The procedure
was the same as Huang et al. (2005): trains of three 50 Hz pulses were delivered every 200 ms (i.e.,
at 5 Hz) for 20s (300 pulses in total).

The TMS protocol applied differed between the three studies. As in prior studies targeting the
parietal cortex (Rosenthal et al., 2009; Yazar et al., 2017), cTBS was delivered at 80% of the resting
motor threshold in experiments 1 and 2 (average intensity: 45.45% + 6.79% of stimulator output).
In experiment 3, the stimulation was applied at 40% of the maximum stimulator output (as in
Amoruso et al., 2018; Era et al., 2021), a fixed intensity chosen for the coil properties and output
capabilitiesits, but also its safety, since it corresponds to the lowest motor threshold (Wassermann,
1998). Following the stimulation, participants rested for 5 minutes with their right arm in a relaxed
position before starting the interactive task.

The cTBS procedure was performed on each site in separate 60-minute sessions (Huang et al.
2005). The session order was counterbalanced across subjects. The procedure in each session
involved stimulation of one of the sites (MPFC/Vertex in Experiment 1, Vertex/VPMC in

Experiment 2) and the execution of two experimental blocks of joint action, counterbalanced within



and across subjects. In each joint action block, the subjects had to synchronize their movements
with the white or black avatar. The performance of these two blocks took 15 minutes, within the
time window in which cTBS is effective in modulating cortical excitability (Huang et al., 2005) as
in studies similar to those presented here (Sacheli et al., 2015a; Era et al., 2018).

TMS was performed using a 70 mm figure-of-eight coil connected to a transcranial magnetic
stimulator (The Magstim Company). Stimulation sites were identified on each participant's scalp
using the SofTaxic Navigator system (EMS). The skull reference points (nasion, inion, and two
preauricular points) and 61 additional points provide a uniform representation of the scalp digitized
with a Polaris Vicra optical tracking system (NDI). The SofTaxic Navigator automatically
estimated the coordinates in Talairach space (Talairach & Tournoux, 1988) from a stereotactic
template constructed with magnetic resonance imaging (MRI) using an individualized probabilistic
head model. Across the three experiments, the system identified and stored the sites that optimally
targeted the Vertex for each participant according to the coordinates reported by Okamoto et al.
(2004; x = 0, y = -17, z = 63). In experiments 1 and 3, the same procedure was adopted for the
mPFC (Mackey & Petrides, 2014; x =5, y = 43, z = 30), and in experiment 2 for the vPM (x = -52,
y = 10, z = 24; Avenanti et al.,, 2013) as an active control (as in Era et al.,, 2021). This
individualized template preserves the anatomical correlates of the scalp and brain of an average
MRI template specific to the participant under investigation. The resulting mean stimulation
coordinates were cTBS was applied in experiments 1 and 3 were x = 6.15£1.98, y = 48.93+£10.31,
and z = 34.86+4.89 for the mPFC, with two participants missing data; in experiment 2 corresponded
to: x = -50.50+2.38, y = 8.57+1.34, and z = 23.29+0.61 for vPM, with one missing participant data;
and across all experiments x = 0.44+1.357, y = -16.55£1.54, and z = 65.23+3.60 (Talairach
coordinates) with two missing data for Vertex, which was selected as a control site for the
stimulated areas (Jung et al., 2016). This experimental design ensured that any observed effects
were specific to the mPFC stimulation rather than a general result of TMS application. Indeed, the
Experiment 2 itself served as a control experiment, with Vertex consistently used as the control site,
while the left vPM was the region of interest. Importantly, no modulation of bias was expected from

stimulation over vPM, making it an ideal control region to compare against the mPFC effects.

Cover story
To induce participants to perceive the motor interaction with the two virtual partners as more
realistic and underline their ethnic differences, a cover story was presented to them at the beginning

of the experimental session. Participants were told they would be involved in a study about motor



coordination, in which they had to synchronize with a partner to grasp a bottle-shaped object. They
were presented with some tutorial videos showing two individuals performing the task and were
told that the experiment had been previously conducted on dyads composed of members of different
social groups (e.g., friends, strangers, teammates, and people coming from opposing teams).
Notably, it was underlined that in one version of the study, people from the same or different ethnic
groups were involved in the coordination task. Crucially, participants were made aware that they
were about to interact with two virtual partners whose movements reproduced the kinematics
recorded during the task from two real participants. One partner was described as a white-skinned
Italian guy named Luca, born in Rome 24 years old at the time of the experiment (in-group). The
other partner was presented as a black-skinned Nigerian guy named Ibrahim, who, at the time of the

experiment, was 25 years old and lived in Rome for five months (out-group).

Procedure

The experimental procedure was similar among the three experiments, with the only exception
being the stimulation sites and the stimulation threshold. At first, participants arrived in the lab,
signed the informed consent, and filled out the screening questionnaire for TMS and the handedness
inventory. Following that, the experimenters exposed the cover story to the participants while
instructing them about the rules of the interactive task. After the explanation, participants completed
the two versions of the AMP for the first time. The Sub-threshold AMP version was completed
before the Sovra-threshold one. Each version included 72 trials. At this point, the procedure of
neuronavigation began, and the first brain stimulation session took place. After the stimulation,
participants were required to wait without speaking or standing for 4 minutes. Subsequently, the
joint grasping task started, and participants interacted with each virtual partner (Black/White) in a
separate block composed of 64 trials. The order of the blocks was counterbalanced between
participants. When the second block was completed, participants completed again the two versions
of the AMP in the same order (Sub-threshold preceding Sovra-threshold) and were asked to wait in
the laboratory for some time until 1 hour from the previous stimulation session was passed. Then,
the neuronavigation was conducted again, and TMS was applied over the remaining stimulation site
(the order of the stimulation site was balanced between participants, even in this case). Participants
underwent the two blocks of joint grasping and finally completed the last two blocks of AMP.
Eventually, participants were debriefed about the experimental hypotheses and cover story.
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Fig. 3. A) Complete Session: The experimental session began with the TMS stimulation, followed by the Joint Action
Task in which participants interacted with either the Black or White avatar across blocks in a counterbalanced order.
Afterward, participants completed both Sub- and Sovra-threshold versions of the AMP task. B) Joint Action Task: In
each trial, participants first saw a fixation cross (300 ms), followed by an auditory signal indicating whether they had to
perform a "same" or "opposite" action relative to the avatar. Participants then executed the grasping movement with
either the Black or White avatar depending on the block.

Statistical Analyses

Before performing the statistical analyses related to the joint grasping task, the raw data were
cleaned as follows: 1) trials in which participants failed to grasp the bottle-shaped object correctly
were excluded from the analyses (i.e., when the touch-sensitive plates were not correctly pressed),
2) when participants did not follow the instructions, and grasped the object on the wrong half the
trial was discarded, 3) in a similar way, we did not include in the analyses those trials in which
participants started their movement before the audio instruction was given, 4) finally we excluded

catch trials (i.e., when the virtual partner switched movement direction) from the analyses.

For the joint grasping task, the independent variables included:
- Site (MPFC vs VPM vs Vertex)

- Virtual partner Ethnicity (Black vs White)

- Movement (Same vs Opposite)

- Experiment (1, 2 or 3)



The dependent variables taken into account for the Joint Action task are the following ones:

- Grasping Asynchrony (GA), i.e., the absolute value of the difference between the time of the
thumb-index contact on the bottle-shaped object for the virtual partner and the participant.

- Movement Time (MT), i.e., the difference between the time the participant released the
starting button and the time of their thumb-index contact with the object.

- Reaction Time (RT), i.e., the time passed between the end of the audio instruction and the
moment the participant released the stating button.

To avoid extreme values obtained in some trials that could bias the estimation of the effects of
interest, we calculated the mean reaction time (RT) for each subject per Site, Ethnicity, and
Movement. For the other two dependent variables (GA, MT), we also included the factor of Grasp
Type (Precision/Power). Outliers were then excluded, defined as trial values 2.5 standard deviations

above or below the mean for each subject within each condition.

Additional analyses were performed on the AMP (separately for the Sovra and Sub-threshold
versions). In this case, the independent variables were:

- Site (mMPFC vs vPM vs Vertex)

- Ethnicity of the prime (Black vs White)

Session (1 (i.e., baseline), 2 or 3)

- Experiment (1, 2 or 3)

In this instance, the dependent variable was represented by the score reflecting the evaluation of the
ideograms presented during the AMP. To compute the score, each segment of the VAS was
associated with a specific value from 0 to 100. O corresponded to the last segment at the bottom end
of the VAS and indicated that the participant evaluated the ideogram as “not at all” pleasant.
Conversely, 100 corresponded to the last segment at the top end of the VAS, indicating that the
participant evaluated the ideogram as “extremely” pleasant.

As for data from the Joint Action task, outlier values were excluded before performing statistical
analyses. The mean for both scores was calculated per Site, Ethnicity, Session, and Experiment for
each subject. Scores of 2.5 standard deviations below or above the mean for each subject within
each condition and level of the independent variables were considered outliers and were
subsequently discarded (0.43% of the total number of scores for Sovra-threshold AMP, 0.47% of
the total for Sub-threshold AMP).

A series of Shapiro-Wilk normality tests conducted on the R software (Kassambara 2020, package

rstatix) indicated that the distribution of all dependent variables from the AMP and the Joint



Grasping Task diverged from normality. Due to these deviations, the application of standard
ANOVA was not appropriate for our data and even non-parametric approaches, such as the Aligned
Rank Transform (ART) used in the ARTool package (Wobbrock et al., 2011), presented challenges
given the complexity and distributional characteristics of our dataset. Moreover, we wanted to
account for intersubject variability in their bias toward ethnic in/out-groups and variability in the
effects exerted by TMS on participants’ performance. Therefore, data from the AMP and the Joint
Grasping tasks were analyzed using Multilevel Linear Mixed Models (MLMM) with the R software
(Development Core Team 2013, package ‘Ime4”).

In constructing the MLMMSs, we performed a “stepwise backward” selection process for the
random effects. Starting from a structure that included all the relevant effects and interactions, we
systematically removed terms based on singularity to optimize model fit and ensure the
convergence of the model. Post-hoc comparisons were conducted utilizing the 'Estimated Marginal
Means' R package (Lenth, 2020), employing the ‘emmeans’ and ‘emtrends’ functions to further

investigate significant interactions. Bonferroni correction for multiple comparisons was applied.

2.4.3. Results

AMP Results

In analysing Affect Misattribution Procedure (AMP) data we employed linear mixed-effects models
for both Sub-threshold and Sovra-threshold AMP. First, to investigate the presence of a racial bias
at baseline we combined data from the three experiments, kept only the trials from the baseline
sessions and built two models (one for Sub- and one for Sovra-threshold data). Those models
included Visual Analog Scale (VAS) scores as the dependent variable, while the main effects of
Experiment and Ethnicity, along with their interaction represented the fixed effects. Due to
singularity issues, the random effects structure was simplified to include only the random intercept
by subject across both models.

Additional models were built to estimate the effects of the TMS on VAS scores. In this case, it was
not possible to analyse data from the three experiments merged, due to a different site of stimulation
in experiment 2 compared to experiments 1 and 3. Indeed, applying a single model to a dataset
including all 3 experiments would have resulted in rank deficiency, since the “vPM” level of the
Site factor and the “2” level of the Experiment factor were always aligned. Consequently, we

decided to implement two models for both Sovra- and Sub-threshold data, one including



experiments 1 and 3, and one including only experiment 2. As the dependent variable, in those
models, we included an index computed for each subject by subtracting the mean VAS score for
each stimulation site (i.e., Vertex, mPFC or vPM) from the VAS score at baseline (e.g., mean VAS
baseline - mean VAS mPFC). In this way, positive values of the index entailed that a given
stimulation site produced a negative bias compared to baseline, while negative values of the index
meant that a given stimulation site induced a positive bias in the evaluation. The fixed effets
structure for the models including study 1 and 3 comprehended: the main effects of Session,
Experiment and Site, the interaction between Site and Ethnicity, the one between Site and
Experiment, and the triple interaction between Site, Ethnicity and Experiment. The random effect
structure, due to singularity, included only the random effect of Site and the random intercept by
subject.

For the models related to experiment 2, the fixed effect structure was composed of the main effects
for Site and Session, plus the interaction between Site and Ethnicity. Again, to avoid singularity,
the random effects structure was simplified to include only the random intercept by subject.

The residuals of the linear mixed models were assessed to ensure normality. A visual inspection of
the residual density plot indicated an approximately normal distribution. Furthermore, diagnostic
plots, including residual vs. fitted values, were examined using the function of '‘ggnorm' and ‘qgplot'
in R. Also these plots supported overall the assumption of normality, as well as independence and
homoscedasticity, across all models.

Sub-threshold AMP

Here, the combined results from Experiment 1 and 3 are presented separately from Experiment 2.

Experiment 1 and 3

Discussing the results of the Sub-threshold AMP, the output of the model used to estimate the racial
bias at baseline indicated that the main effects of Experiment (y> =4.41, p =.11) and Ethnicity (y*> =
1.20, p =.27), and their interaction (}*> = .61, p = .74) were not significant.

Results related to the model in which the effect of the stimulation site was estimated on the dataset
combining Experiments 1 and 3, highlighted the presence of significant main effects for Session (2
= 5.66, p = .02) and Experiment (y*> = 14.16, p < .001). In Particular, the VAS index was higher in
session 3 compared to session 2 (B = 1.93), revealing a more positive evaluation of ideograms in the

third session than in the second (Fig. 4, right graph). The index was also higher in Experiment 1



compared to experiment 3 (f = 5.71), underlying a more positive evaluation in the first experiment

than in the third one (Fig. 4, left graph).

VAS Index

Session Experiment

Figure 4. Results from the Sub-threshold AMP LMM on the VAS index for racial bias. The graph on the right
presents the significant increase in the VAS index during Session 3 compared to Session 2, indicating a more positive
evaluation of ideograms in the third session. The left graph shows a notable difference between Experiments 1
compared to 3, suggesting that participants rated the ideograms more favorably during the first experiment compared to
the third.

Moreover a significant interaction between Ethnicity and Site (x> = 10.90, p < .01) emerged. Post-
hoc analyses showed that in the Vertex stimulation condition the index was higher when ideograms
were preceded by white compared to black faces (p =2.51, t =3.74, p < .01), while this effect was
not present in mPFC stimulation condition (f = .80, t = 1.20, p < .63) (Fig. 5). This entails that
vertex stimulation, compared to baseline, produced a stronger increase in evaluation of ideograms
preceded by white faces than those preceded by black (i.e., increased pro-white bias). Differently,
when mPFC was stimulated, the change from baseline in judgment of ideograms preceded by white

and black faces was similar (i.e., no change in racial bias).
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Figure 5. Interaction effects of Ethnicity and Stimulation Site of AMP Subtreshold on the VAS index for racial
bias. Vertex stimulation condition (on the right), showed a substantial increase in the VAS index when ideograms were
preceded by white faces compared to black. This difference was not found for mPFC.

Finally, a significant triple interaction of Ethnicity, Site and Experiment (x> = 8.78, p = .01) was
found. Post-hoc comparisons revealed that in the first experiment, but not in the third, in the vertex
condition the index was higher when ideograms were preceded by white compared to black faces (
=444, t=4.18, p <.001) (Fig. 6). Thus, the previously reported significant interaction between
Site and Ethnicity emerged only in the first experiment. All other comparisons were not significant
(all ps > .05). The main effect of Site (x> = .02, p < .88) and the interaction between Experiment and
Site (%> = .31, p =.58) were not significant.
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Figure 6. Interaction effects of Experiment, Ethnicity and Stimulation Site of AMP Subtreshold on the VAS
index for racial bias. Only in Experiment 1 (on the right) Vertex stimulation condition showed a substantial increase in
the VAS index when ideograms were preceded by white faces compared to black. This difference was not found for
mPFC of both Experiments or Vertex in Experiment 3.

Experiment 2

The last model related to the Sub-threshold AMP was performed on data from experiment 2.
Results indicated no significant effects of Site (y* = .74, p = .39), Session (y*> = .73, p =.39) and of
the interaction between Site and Ethnicity (x> = .09, p = .95).

Sovra-threshold AMP

Here, the combined results from Experiment 1 and 3 are presented separately from Experiment 2.

Experiment 1 and 3

Moving to the Sovra-threshold AMP, results from the first model, which included data for the
baseline session from the three experiments, showed that the main effects of Experiment (y* = 1.87,
p = .39) and Ethnicity (> = 1.89, p = .17) were not significant, and neither was the interaction
between Ethnicity and Experiment (%* = 1.79, p = .40).

Concerning the model used to estimate the effects of the stimulation site on the dataset including
experiments 1 and 3, significant main effects of Session (y*> = 5.46, p = .02) and Experiment (> =
19.32, p <.001) emerged (Fig. 7, graph on the right). Specifically, the index was higher in Session

3 than in Session 2 (B = 1.64), indicating a more positive evaluation of ideograms in the third



session compared to the second. In addition, the index was higher in Experiment 1 compared to 3 (8
= 6.46), entailing a more positive evaluation in the first experiment than in the third one (Fig. 7,
graph on the left). Overall these findings complement the one found for AMP Sub-threshold. The
main effect of Site (x> =.01, p =.93) and all of the interaction effects (all ps > .50) did not overpass

the significance threshold.
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Figure 7. Results from the Sovrathreshold AMP LMM on the VAS index for racial bias. The graph on the igh
presents the significant increase in the VAS index during Session 3 compared to Session 2, indicating a more positive
evaluation of ideograms in the third session. The graph on the left shows a notable difference between Experiments 1
compared to 3, suggesting that participants rated the ideograms more favorably during the first experiment compared to
the third.

Experiment 2

The last computed model for the Sovra-threshold AMP was performed on data from the second
experiment, again to estimate the effects related to the stimulation site. Results revealed a
significant effect of Site (y2 = 4.95, p = .03) (Fig. 8). The VAS index was higher for vertex than
vPM stimulation (f = 2.50), underlying a more positive evaluation of ideograms after TMS over
vertex compared to TMS over vPM. The main effect of Session (¥*> = 3.05, p = .08) and the

interaction between Site and Ethnicity (x2 = 0.46, p = .80) were not significant.
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Figure 8. Results from the Sovrathreshold AMP LMM on the VAS index for racial bias. The graph illustrates the
significant main effect of Site on the VAS index showing a higher positive evaluation after mPFC stimulation for the
ideograms.

Joint Action Task Results

In the following sections, we report the results from the MLMM on the three experiments in the
joint action task for Grasping Asynchrony, Movement Time, and Reaction Times. We initially
conducted analyses on the combined data from experiments 1 and 3, and separately on data from
experiment 2. Given the small sample sizes, however, we then decided to examine the impact of our
factors in the joint action task on the dependent variables across the entire dataset. In these latter
analyses across all studies, we included 'Site' as a covariate for GA, since a Site-specific effect was
observed in the individual studies for this dependent variable. Conversely, 'Site' was not included in
the three studies combined analyses for MT and RT, as no site-specific effects were found in the
individual studies for these variables.

As for AMP, the residuals of the linear mixed models were assessed to ensure normality. A visual
inspection of the residual density plot indicated an approximately normal distribution. Furthermore,
diagnostic plots, including residual vs. fitted values, were examined using the function of ‘ggnorm'’
and 'qgplot’ in R. Also these plots supported overall the assumption of normality, as well as
independence and homoscedasticity, across all models



Experiment 1 and 3
Here, the combined results from Experiment 1 and 3 are presented.

Reaction Times

The analyses involved the factors of Experiment (1, 3) * Ethnicity (Black, White) * Site (mPFC,
V), Movement (Same, Opposite) on Reaction Times, considering together with the the random
intercept by subject, the interaction of Ethnicity * Site in the random structure. A main effect of
Ethnicity (y® = 7.38, p = 0.01) was found, suggesting that the time between participants and the
avatar’s grasp of the object was different depending on the group membership (Fig. 9). The
interaction between Experiment vs. Movement vs. Ethnicity was significant (y*> = 4.23, p = 0.04).
No other main effect or interaction was found significant (all ps > 0.05).

At the posthoc level, the main effect of Ethnicity revealed that the grasping movement led to
significantly slower RTs for Black (M = 386.92, SD = 60.27) compared to the interactions with the
White avatar (M = 366.93, SD = 159.05). In contrast, all the other comparisons resulted not
significant (all ps > 0.05).
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Figure 9. Results from the Joint Action in Experiment 1-3 from LMM on the RTs. The significant main effect of
Ethnicity indicates differences in reaction times based on group membership, with RTs significantly slower for the
outgroup interactions.

Grasping Asynchrony



To address violations of the normality assumption, we applied a logarithmic transformation to the
GA values. This transformation allowed to better approximate normality, making the data more
suitable to the LMM analysis. Following the transformation, the same analysis was conducted on
the log-transformed GA values.

The model involved the factors of Experiment (1, 3) * Ethnicity (Black, White) * Site (mPFC, V),
Movement (Same, Opposite) on Grasping Asynchrony, considering the interaction of Ethnicity *
Site in the random structure together with the the random intercept by subject. It revealed a
significant main effect of Movement ( > = 22.26, p < 0.00) and a significant interaction of
Experiment per Site (y*> = 4.91, p = 0.03) (Fig. 10). No other main effect or interaction was found
significant (all p > 0.05).

Post-hoc revealed no significant difference emerged in the comparison between the factor
Experiment vs. Site levels. Investigating the main effect of Movement, it is shown that the
execution of Opposite movement led to a significantly higher Grasping Asynchrony (M =5.89, SD
= 0.29) compared to the Same ones (M =5.86, SD =0.28).
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Figure 10. Results from the Joint Action task in Experiment 1-3 from LMM on the GA. The significant main
effect of Movements indicates differences in grasping asynchrony based on the movement performed relative to the
partner, with performance significantly worse for Opposite conditions.

Movement Time



The MLMM involved the factors of Experiment (1, 3) * Ethnicity (Black, White) * Site (mPFC, V),
Movement (Same, Opposite) on Movement Time, considering the interaction of Ethnicity * Site
and the random intercep of subjects in the random structure. The analysis highlighted only a main
effect of Movement (x> = 8.27, p = 0.04), suggesting that the time between the movement start and
grasp of the object differed depending on the executed grasping movement (Fig. 11). In contrast, all
other effects and interactions are not significant (all ps > 0.05). The execution of the Same
Movements led to a significantly faster time (M = 1225.14, SD = 222.60) than the Opposite ones
(M =1238.265, SD = 233.52).
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Figure 11. Results from the Joint Action task in Experiment 1-3 from LMM on the MT. The significant main
effect of Movements indicates differences in the time of the movement execute were based on the movement itself
being performed relative to the partner, with performance significantly slower for Opposite conditions

Experiment 2

Here are reported the results from Study 2.

Reaction Times
The model involved the factors of Ethnicity (Black, White) * Site (mPFC, V), Movement (Same,
Opposite) on Reaction Times, considering the random intercept by subject and the interaction of

Ethnicity * Site in the random structure. A main effect of Movement (y* = 22.57, p < 0.00) was



found, indicating that the time between participants and the avatar’s grasp of the object was
different depending on the grasping action (Fig. 12). The other results wete all not significant (all p
> 0.05).

The main effect of Movement revealed that the grasping led to significantly slower RT for Opposite
movements (M = 286.13, SD = 138.08) compared to the Same ones (M = 270.78, SD = 135.47).
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Figure 12. Results from the Joint Action in Experiment 2 from LMM on the RTs. The significant main effect of
Movement indicates differences in reaction times based on the action performed relative to the partner, with RTs
significantly slower for the Opposite interactions.

Grasping Asynchrony

To address violations of the normality assumption, we applied a logarithmic transformation to the
GA values. This transformation allowed to better approximate normality, making the data more
suitable to the LMM analysis. Following the transformation, the same analysis was conducted on
the log-transformed GA values.

The model involved the factors of Ethnicity (Black, White) * Site (vPM, V) * Movement (Same,
Opposite) on Grasping Asynchrony, considering only the random intercept by subject in the random
structure. It revealed a significant main effect of Ethnicity ( > =4.47, p = 0.03) and a main effect of
Movement ( x> = 22.54, p < 0.00) (Fig. 13). No other main effect or interaction was found
significant (all p > 0.05). The main effect of Movement revealed that the grasping led to
significantly greater asynchrony for Opposite (M = 5.92, SD = 0.30) compared to the Same
movements (M = 5.88, SD = 0.28).
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Figure 13. Results from the Joint Action in Experiment 2 from LMM on the GA. The significant main effect of
Movement indicates differences in grasping asynchrony based on the action performed relative to the partner, with
performance significantly worse for the Opposite interactions.

The main effect of Ethnicity revealed that the grasping led to significantly greater asynchrony when
interacting with the Black avatar (M = 5.91, SD = 0.29) compared to the White one (M = 5.89, SD
=0.29).
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Figure 12. Results from the Joint Action in Experiment 2 from LMM on the GA. The significant main effect of
Ethnicity indicates differences in grasping asynchrony based on the partner group membership, with performance
significantly worse for the outgroup interactions.

Movement Time

The analysis involved the factors of Ethnicity (Black, White) * Site (mPFC, V) * Movement (Same,
Opposite) on Movement Time, considering the interaction of Ethnicity * Site in the random
structure together with the the random intercept by subject. The results wete all not significant (all
ps > 0.05).

All Experiments

Here are presented the combined results from Experiment 1 to 3.

Reaction Times

The analysis involved the factors of Experiment (1, 2, 3) * Ethnicity (Black, White) * Movement
(Same, Opposite) on Reaction Times, considering the random intercept by subject and the factor of
Ethnicity in the random structure. The results highlighted the main effect of all three factors,
indicating that the time between participants and the avatar’s grasp of the object was different
depending on the Experiment performed (y* =12.95, p = 0.00), the avatar Ethnicity (y* =7.21, p =
0.01) and the executed grasping Movement (y*> = 3.89, p = 0.05). Furthermore, also the interaction
Experiment * Movement resulted significant (x> = 13.03, p = 0.00). All other effects and
interactions were not significant (all ps > 0.05). The execution of the task with the White avatar led
to a significantly faster time (M = 342.91, SD = 158.18) compared to the Black one (M = 357.21,
SD = 161.80) (Fig. 13, on the right). The execution of the Opposite Movements led to a
significantly slower time (M = 352.07, SD = 161.32) compared to the Same ones (M = 347.99, SD
= 158.96) (Fig. 13, on the left).
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Figure 13. Results from the Joint Action in all Experiments from LMM on the RTs. The significant main effect of
Ethnicity (on the right) indicates differences in reaction based on the partner group membership, with performance
significantly slower for the outgroup interactions. The significant Main effect o Movement (on the left), indicate that
RTs are also significantly slower for Opposite movements.

Post hoc revealed that reaction time was significantly faster in Experiment 2 (M = 278.40, SD =
136.96; p = 0.05) compared to the third one (M = 379.60,, SD = 158.13), but neither was
significantly different from the first one (M = 372.65, SD = 162.57) (Fig. 14, upper graph).

RTs were significantly faster for both Opposite (p = 0.04) and Same Movements (p = 0.05) in
Experiment 2 (respectively M = 286.13, SD = 138.08; M = 270.78, SD = 135.47) compared to the
third one (respectively M = 377.62, SD = 160.80; M = 381.57, SD = 155.45). Furthermore, RTs for
Same movement were significantly faster in Experiment 2 (M = 270.78, SD = 135.47) compared to
the first one (M = 369.96, SD = 160.20; p = 0.00) (Fig 14, lower graph).
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Figure 14. Results from the Joint Action in all Experiments from LMM on the RTs. The reaction times were
significantly faster in Experiment 2 compared to Experiment 3 (upper graph), while no significant difference was found
with Experiment 1. RTs were faster in Experiment 2 compared to Experiment 3 for both Opposite and Same
Movements (lower graph). Additionally, RTs for Same Movements were significantly faster in Experiment 2 compared
to Experiment 1.

Grasping Asynchrony

To address violations of the normality assumption, we applied a logarithmic transformation to the
GA values. This transformation allowed to better approximate normality, making the data more
suitable to the LMM analysis. Following the transformation, the same analysis was conducted on
the log-transformed GA values.

The model involved the factors of Experiment (1, 2, 3) * Ethnicity (Black, White) * Movement
(Same, Opposite), with Site (mPFC, vPM, V) as a covariate, on Grasping Asynchrony, considering
the factors of Ethnicity and Site in the random structure together with the the random intercept by
subject. It revealed a significant main effect of Movement (y* = 42.49, p < 0.00) (Fig. 15). No other
main effect or interaction was found significant (all p > 0.05).

The execution of Opposite movement led to a significantly higher Grasping Asynchrony (M = 5.90,
SD =0.29) compared to the Same ones (M =5.87, SD = 0.28).
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Figure 15. Results from the Joint Action in all Experiments from LMM on the GA. The significant main effect of
Movement indicates differences in grasping asynchrony with the partner, with performance significantly worse for the
Opposite movements.

Movement Time

The analysis involved the factors of Experiment (1, 2, 3) * Ethnicity (Black, White) * Movement
(Same, Opposite) on Movement Time, considering the factor of Ethnicity in the random
structuretogether with the the random intercept by subject. The results highlighted only a main
effect of Experiment (%> = 8.12, p = 0.02) and Movement (y*> = 5.39, p = 0.02), suggesting that the
time between the movement start and grasp of the object was different depending on the executed
grasping movement and the experiment performed. In contrast, all other effects and interactions
were not significant (all p > 0.05).

The execution of the Opposite Movements led to a significantly slower time (M = 1256.56, SD =
235.80) compared to the Same ones (M = 1247.07, SD = 224.82) (Fig. 16, upper graph). Post hoc
revealed that movement time was significantly faster in Experiment 3 (M = 1205.01, SD = 225.54;
p = 0.05) compared to the second one (M = 1305.37, SD = 227.67), but neither was significantly
different from the first one (M = 1271.33, SD = 226.34) (Fig. 16, lower graph).
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Figure 16. Results from the Joint Action in all Experiments from LMM on the MT. The upper graph shows
significantly slower movement times for Opposite Movements compared to Same Movements. The lower graph
highlights faster movement times in Experiment 3 compared to Experiment 2, while no significant differences were
found between Experiments 1 and 3

2.4.4. Discussion

Humans have a natural tendency to categorize others into social groups, often based on ‘in/out-
group’ distinctions. Race is one of the most salient markers for group categorization (Cosmides et
al., 2003), influencing cognitive, emotional, and motor processes during social interactions (Gutsell
and Inzlicht, 2010; Avenanti et al., 2010) and affecting the coordination of movement between



individuals from different racial groups (Sacheli et al., 2015). In the current study, we aimed to
investigate whether the temporary inhibition of mPFC through continuous theta burst TMS could
affect motor coordination during joint actions. Specifically, we examined how mPFC inhibition
influenced motor behaviors such as grasping asynchrony (GA), movement time (MT), and reaction
times (RTs) when interacting with in-group (White) versus out-group (Black) avatars. We further
explored whether these effects were linked to the implicit racial biases of participants through the
affect misattribution procedure (AMP; Payne et al., 2005), providing insight into how social
categorization impacts motor coordination beyond perceptual judgments in interaction. By
examining the single and combined results from three experiments, we aimed to better understand

the neural and social processes underlying racial biases in joint action dynamics.

AMP

At baseline our participants showed no preference for chinese ideograms primed with white
compared to black faces, as measured by the Sub- and Sovra-threshold AMP, providing no support
for the presence of a racial bias in our sample, at least at the group level. This result is partially in
contrast with the evidence provided by other studies using the AMP to measure racial prejudice,
which tend to find a pro-white bias in caucasian participants, although the effect is not always
signficant (Cooley, Lei & Ellerkamp, 2018; Payne et al., 2005; Steele et al., 2018). However, our
finding is coherent with the results of a recent study (Connor et al., 2023), which highlight how
implicit evaluations are influenced by multiple biases at the same time, and the effects related to
race may be smaller compared to other categorization domains (e.g., gender).

Further analyses conducted on data from the AMP sessions following TMS revealed some effects
attributable to the site of stimulation. Particularly, in Experiment 2 there was a significant
difference in the evaluation of ideograms depending on which brain region was stimulated.
Stimulation over the vertex was associated with a better evaluation of ideograms compared to vPM
stimulation. Yet, the effect was found only for the Sovra-threshold AMP and was not dependent on
the ethnicity of the prime. Interestingly, an interaction between stimulation site and prime ethnicity
emerged for the Sub-threshold task on merged data from Experiment 1 and 3. Specifically, the
stimulation of the vertex seemed to enhance the pro-white bias of participants, while no bias was
induced by the stimulation of mPFC. Nevertheless, this effect was found only in the Sub-threshold
AMP and the triple interaction between Site, Ethnicity and Experiment, indicated it was present

only in Experiment 1. Thus, the results do not support our third hypothesis (i.e., mPFC inhibition



increases the negative bias toward the racial out-group). The fact that our participants failed to
express a racial prejudice at baseline may explain a similar outcome. Indeed, mPFC is suggested to
have a relevant role in the regulation of prejudice expression (Amodio, 2014; Amodio & Frith,
2006; Sellaro et al., 2015), however when people do not show implicit biased attitudes (as in our
sample) regulatory mechanisms may became irrilevant. Another explanation could be related to a
learning effect during the task. The first session of the AMP was never preceded by TMS, and
during this session participants became familiar with the task. This may have helped to be more
able to ignore priming stimuli during the sessions that followed brain stimulation, consequently
making unreliable the estimation of the racial bias.

At last, significant main effects related to the session and the experiment emerged in both versions
of the task, which can be attributable to learning effects and small differences in the composition of

the samples in the three experiments.

Joint Action Task

Reaction Times

The analysis of RTs revealed several significant findings. First, participants' were influenced by the
Ethnicity of the avatar, with slower RTs when interacting with the Black avatar compared to the
White avatar. This finding is consistent with prior research on implicit racial bias (Sacheli et al.,
2015a).

Additionally, a significant main effect of Movement type was found, with Opposite movements
resulting in slower RTs compared to Same movements, in line with prior work showing that motor
coordination between individuals is more efficient when their actions are congruent, as opposed to
complementary actions, which require more cognitive and motor adjustment (Kourtis, Sebanz, &
Knoblich, 2013; Atmaca, Sebanz, & Knoblich, 2011; Sebanz, Knoblich, & Prinz, 2003, 2005).
Notably, we also found a significant interaction between Experiment (1, 2, 3) and Movement type
(Opposite vs Same), but also a main effect of Experiment in the combined analysis, indicating that
our different experimental conditions might have modulate how efficiently participants coordinate
their movements with the avatar.

These findings provide important implications for understanding how social factors, such as racial
biases, and motor demands interact to shape joint action performance. The slower RTs observed

when interacting with an out-group avatar could reflect a breakdown in predictive motor



simulations, which are crucial for efficient coordination in joint tasks (Sebanz et al., 2006; Sachelti
et al., 2015a; Vesper et al., 2010).

Grasping Asynchrony

Across all three experiments, a consistent main effect of Movement type (Same vs. Opposite) was
observed on GA. Participants exhibited significantly greater asynchrony when performing Opposite
movements compared to Same movements, in line with the RTs results. Interestingly, while we
observed an interaction between Experiment and brain Site stimulation, there was no significant
effect of ethnicity on GA except for Experiment 2. This suggests that the participants’ ability to
synchronize their movements with the avatar was uniquely influenced by motor factors (i.e.,
congruency of movements) and neural stimulation rather than the ethnicity of the avatar. The
interaction between Experiment and stimulation Site in Experiment 1 and 3, further suggests that
mPFC may play varying roles in processing action coordination during joint tasks. Specifically, the
stimulation of mPFC might differentially modulate grasping synchronization in a joint action task,
as suggested by existing literature highlighting the role of the mPFC in social cognition and motor
control (Amodio et al., 2014, 2006; Amodio & Frith, 2006; Brass et al., 2003; Spengler, von
Cramon, & Brass, 2010). However, this effect was not strong and requires further investigation.

Movement Time

Similar to GA and RTs, a significant effect of Movement type (Same vs. Opposite) was found
across the analyses on MT, with Opposite movements taking longer to execute than Same
movements. A significant main effect of Experiment (1, 2, 3) was also observed, indicating that
participants’ rapidity in reaching the target differed across experiments, suggesting that subtle
changes in task design (i.e., the stimulation site, the difference in the stimulation parameters) or

procedural adjustments between the experiments may have influenced participants' performance.

Limitations of the study

Several limitations must be acknowledged in the present study. Firstly, the absence of a racial bias
at the attitudinal level in our sample, as measured with AMP, may have hindered the estimation of
effects related to the stimulation site in the joint action task. Accordingly, a previous study that
reported signficant effects of mPFC transcranial stimulation on racial bias (Sellaro et al., 2015), was

conducted on a sample where a racial bias was present at baseline.



Secondly, our sample was composed exclusively of italian Caucasian participants. While this
approach controls for confounding variables related to cultural background, in line with previous
studies (Contreras-Huerta et al., 2014; Sacheli et al., 2015a; Vala et al., 2012), it limits the
generalizability of the findings to other ethnic groups and different populations. It would also be
valuable to investigate whether familiarity with the out-group members or longer interaction
periods could reduce the observed coordination time. Having these data would have provided a
more comprehensive understanding of how racial biases affect joint action at the sensorimotor
level.

Finally, the role of the mPFC in modulating these biases remains an open question, and in our
specific study one limit regarding this finding could be linked to the sample size in each experiment
and the differences in TMS stimulation intensities between the first two experiments and the third
one. The present findings on the Experiment factor, seem to suggest that this discrepancy, although
based on previous literature and safety considerations (Rosenthal et al., 2009; Yazar et al., 2017;
Amoruso et al., 2018; Era et al., 2021), introduces a potential confound when comparing the results

across our experiments.

Conclusions and Future Directions

The discussed experiments indicate that while motor factors, such as movement imitation, play a
dominant role in shaping joint action performance (Kourtis et al., 2013; Atmaca et al., 2011; Sebanz
et al., 2004, 2005), social factors like the partner’s racial membership can also influence interactive
performance, particularly in terms of reaction times. These findings align with previous research
showing that implicit racial biases can affect social cognitive dynamics (e.g., Avenanti et al., 2010;
Azevedo et al., 2013; Contreras-Huerta et al., 2013; Gutsell & Inzlicht ,2010; Sheng & Han, 2012),
but they also extend previous works investigating these effects in the context of interactive motor
tasks (Sacheli et al., 2015a).

Importantly, the neural underpinnings of those biases and their modulatory effects on motor
behavior during joint actions need further investigation. The inconclusive evidence for an
involvement of mPFC in racial bias expression and in motor coordination with racial out-group
members, raises questions about the specific role played by this brain region in prejudice regulation.
Moreover, while our findings suggest an influence of racial attitudes on interpersonal interactions,
future studies should examine whether these effects could be mitigated by other factors, as for

example familiarity with the interaction partner.



In conclusion, the present study shed light on the dynamic interplay between social and motor
factors in joint action performance. It contributes to deeper understand the socio-cognitive
processes involved in humans interactions and the potential barriers to efficient cooperation with an

out-group.



2.5. Interim Summary

The studies presented across Chapters 2 examined the influence of visuo-tactile integration,
peripersonal space representation, body ownership and ethnic bias on interpersonal motor
interactions. Chapter 2.1 investigates how the integration of visual and tactile information is
modulated during joint actions. It demonstrates that PPS representations recruitment occurs not only
when visual stimuli are aligned with one's own actions aim but also when they are associated with a
partner’s movements. This reflects a dynamic multisensory-motor interface during interpersonal
interactions, where the partner's actions are integrated as extensions of one's own body and goal.
The study, across three experiments, supports the idea that action prediction and motor coordination
with others shape multisensory perception and expand the representation of peripersonal space
toward the partner of an interaction. These findings highlight the critical role of sociality in
modulating sensorimotor processes, particularly during joint actions where prediction and
adaptation to a partner’s movement is necessary to achive a shared goal.

Chapter 2.2 builds on these findings by exploring cross-modal visuo-tactile interference effects
during interpersonal interactions, both behaviorally and neurophysiologically. The study reveals
that the integration of visuo-tactile and motor-proprioceptive information during joint tasks leads to
improved performance in subsequent visuo-tactile tasks and early modulations in neural processing,
depending on the type of interaction. This chapter extends individual cross-modal interference
effects to an interpersonal context, showing that previous interactions shape both behavioral
responses and neural patterns in the early stages of sensory processing. It suggests that interpersonal
interactions induce lasting changes in sensory integration, depending on the multisensory demands
of the task.

Chapter 2.3 shifts the focus to body ownership, using a novel approach to the Rubber Hand
Illusion. The results indicate that stroking synchronicity reinforces the sense of embodiment and
ownership of the other hand and touch when introducing an interpersonal interaction. The study
highlights the dissociation between subjective embodiment, proprioception drift toward the other,
and subsequent multisensory visuo-tactile interference effects, suggesting that social interactions
can modulate body perception in ways that are distinct from classical RHI paradigms.

Chapter 2.4 explores how social categorization based on ethnicity affects motor coordination
during joint actions, particularly examining the role of the mPFC on motor behaviors when
interactin with in-group and out-group partners. Interestingly, participants showed no baseline racial

bias, in line with previous research that often highlights that implicit biases are not always



significant (Cooley et al., 2018; Payne et al., 2005; Steele et al., 2018). The main results was on
performance in the joint action task, RTs were found to be slower when interacting with out-group
avatars, suggesting a subtle influence of social cognitive biases on sensorimotor processes. Overall,
the results contribute to understanding the interplay between social factors and motor behaviours in
joint actions, highlighting potential barriers to effective cooperation across different groups and
expanding on previous findings by Sacheli et al. (2015b).

Together, these studies contribute to understand the role of social interactions dynamics in shaping
multisensory integration, body representation and motor processes. They underscore the importance
of prediction, coordination, and social contexts in extending low-level sensory-motor processes to
higher-order cognitive dynamic in interactive settings, ultimately contributing to a more

comprehensive understanding of human experience in social exchanges.



Communication Dynamics in Interpersonal
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3.1. Breaking the ice in a conversation: abstract words prompt
dialogs more easily than concrete ones.

3.1.1. Introduction
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Abstract concepts (ACs) (i.e., “democracy,” “justice,
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peace”) are thought to be mainly
acquired through linguistic interactions (Wauters et al., 2003) because they rely less on experiences
made through the five senses than concrete concepts (CCs). Their meanings are grounded in social
interactions, which represent the essential scaffolding allowing the emergence of “shared-cultural
labels” conveying complex knowledge (Borghi, 2022; Fini et al., 2021, 2023; Fini & Borghi, 2019).
Evidence suggesting the involvement of mouth motor areas during the processing of ACs supports
this view (Borghi et al., 2011; Borghi & Zarcone, 2016; Dreyer & Pulvermiller, 2018; Fini et al.,
2022; Ghio et al., 2013; Granito et al., 2015; Mazzuca et al., 2018). According to the Words As
social Tool (WAT) proposal (Borghi et al., 2017, 2018, 2019), mouth activation may be interpreted
as: (i) preparing to complement our knowledge by asking reliable sources [Social Metacognition
(SM), Borghi, 2022; Borghi et al., 2017, 2018, 2019; Shea, 2018); (ii) re-explaining to ourselves the
meaning associated with the concept and (iii) simulating the linguistic experience through which we
have learned ACs in the first place. The specific mechanisms — not mutually exclusive — that might
activate mouth motor areas share a common ground: ACs evoke linguistic experiences.

Linguistic experiences represent the modality through which humans can efficiently
communicate and create a space of intersubjective knowledge. Abstract knowledge emerged,
indeed, as the result of intellectual agreements on shared meanings attributed to experiences and
validated by communities (see Gilead et al., 2020). Although the process of conflating different
experiences in a single symbol characterizes all concepts and words (e.g., Deacon, 1998; Dunbar,
1998), the heterogeneity of experiences that ACs evoke makes people more uncertain of their
meaning and renders the input and interaction with others particularly crucial. During their use, we
might need to rely on other people to understand the meaning of words on which we are uncertain
or to negotiate their meaning (Borghi, 2022; Mazzuca & Santarelli, 2022). Consequently, the full
development of abstract representations might rely upon successful linguistic exchanges among
conspecifics (see Dunbar, 1998). ACs would not only be the “glue” holding together scattered and
heterogeneous information (see the notion of situational systematicity in Davis et al., 2020), but

they would also represent the “social glue” providing a common reference of knowledge within



societies (Borghi, 2022; Borghi & Tummolini, 2020; Mazzuca et al., 2021; Mazzuca & Santarelli,
2022). For example, values, cultural notions, scientific knowledge, and socio-political definitions
are the result of a diachronic linguistic exchange which contributes to creating a connection among
individuals. Along these lines, dialogical exchanges might be a source allowing us to detect the
social nature of ACs. Because of the relevance of social interactions for ACs definition, recently
authors have underlined the necessity to investigate ACs’ use, for example, during conversations
(Banks et al., 2022; Borghi, 2022), since they represent the spontaneous human practices of being in
relation. Social interactions, thus, appear to be one of ACs’ learning environment, and the question
arises as to how spontaneous conversations use ACs (Borghi & Binkofski, 2014; Dove, 2009, 2011,
2014; Prinz, 2012). While many studies focused on semantic, emotional, social (Della Rosa et al.,
2010; Diveica et al., 2022; Villani et al., 2019), and interoceptive conceptual dimensions (Connell
& Lynott, 2012; Villani et al., 2021), more pragmatic dimensions of ACs still need to be explored
(for an exception, see Villani et al., 2022). Pragmatic dimensions might offer important insights for
accurately selecting stimuli materials in new interactive ecological paradigms. A promising
research avenue, indeed, consists in studying ACs in natural environments where they are acquired
and used for communication. The adoption of more ecological experimental settings in which
dialogs spontaneously evolve might help to better understand i) the use of concepts in daily life and
i) the psychological and bodily synergies which are both causes and effects of linguistic exchanges.
However, if, on the one hand, interactive paradigms represent a valuable and ecological
experimental approach, on the other hand, they also require an additional effort to better control for
unexplored variables which might intervene during linguistic exchanges. In this regard, here we
explore a specific pragmatic dimension that we called “Easiness to Start a Conversation”(ESC),
which touches upon aspects related to the capability of a concept to trigger a conversational
exchange. Given their intrinsic social and dialogical nature, we expect that compared to CCs, ACs
might more easily “afford” conversations.

In the current study, we operationalized this conjecture by investigating the perceived facility to
start a conversation on concepts of different abstractness levels. To this aim, we asked participants
to rate abstract and concrete words along different dimensions, spanning from more traditional to
less explored ones. These are labeled here as semantic/metacognitive [i.e., SM — perceived need of
others, Word Confidence (WC), Contextual Availability (CA)], communicative/pragmatic [i.e.,
Openness to Negotiation (ON), ESC), and emotional-experiential (i.e., Pleasantness, Valence,
Familiarity). Specifically, ESC concerns the estimation of how easy it is to start a conversation with

a specific concept. SM (Villani et al., 2019) refers to the degree to which the participant feels the



need to rely on others to understand the concept’s meaning. WC (Mazzuca et al., 2022) relates to
the extent to which participants feel confident in their understanding of a concept’s meaning. ON
refers to the degree to which participants feel prone to negotiate with others the concepts’ meaning
(see Mazzuca & Santarelli, 2022). CA (Schwanenflugel et al., 1988) refers to the ease with which
the participant can think of a context or a circumstance associated with the word or in which the
word may appear. Familiarity (FAM, Barca et al., 2002) measures how much participants think they
know the word. Finally, Valence (Bradley & Lang, 1999; Mohammad, 2018) refers to the degree of
positiveness/negativeness of a word, while Pleasantness relates to how much a concept is judged to
be pleasant or unpleasant. In particular, we decided to focus here just on the ESC dimension
because it represents a valuable aspect for studying the relationship between lexicon and social
interaction. Gathering knowledge of the kinds of words considered more suitable to start a dialog is
the very first step to approaching conversational dynamics. The other new pragmatic dimension
ON, equally worth to be explored, will be investigated in more detail, in separate studies. Because
the meaning of ACs finds its natural source in socio-linguistic exchanges, we predict that ACs will
be rated higher on ESC than CCs, regardless of their scores on Pleasantness, Valence, and
Familiarity. In line with previous evidence, here we also predict that ACs will be rated higher than
CCs on ON because of the indeterminacy of their meaning (see Mazzuca & Santarelli, 2022). They
should also score higher on SM because others are needed to understand or negotiate their meaning,
and lower on WC. In line with the literature, ACs should also score lower in CA than CCs. In
addition, we expect that higher ratings on ESC for ACs will be partially explained by higher ratings
on SM, ON, WC, and CA.

Moreover, we explored whether different subclusters of abstract (Villani et al., 2019) and CCs
differ in their rating scores for ESC and whether higher ratings on SM, ON, WC, and CA would
partially explain these results. The philosophical-spiritual concepts (PS) (i.e., “prestige,”
“paradise,” “infinity”’) refer to religious words, principles, concepts linked to argumentation,
reasoning, decision-making, and negatively connoted words, related to characteristics of the self.
The emotional concepts (EM) (i.e., “pride,” “irony,” “patience”) refer to emotions, mental states,

emotionally connoted social situations, and characteristics of the self with respect to others. Then,
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self-sociality concepts (SS) (i.e., “politeness,” “attention,” “merit”) indicate the interpersonal

mental states and finally, the physical spatio-temporal and quantitative concepts (PSTQ) (i.e.,
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sum,” “number,
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subtraction”) refer to interactions with external objects/entities (Villani et al.,
2019). We were interested in understanding whether these subclusters of concepts might be

differently categorized as a function of the examined dimensions, in particular of the new



communicative/pragmatic dimensions. Finally, we performed an exploratory study involving an
English native sample to gather knowledge about the cross-cultural evaluation of the same

dimensions in AC and CC.

Study 1

Study 1 hypotheses, methods, and analyses were formally pre-registered (https:// osf.io/sym9p). As
declared in the preregistration, we performed a rating study with an Italian sample of participants to
investigate the dimension of ESC along with the dimensions of Pleasantness, Valence, Familiarity,
SM, ON, WC, and CA. Stimuli were both AC and CC.

Method

Participants

A total of 48 Italian participants took part in the study in a window between January 31 and April 8
2022. Participants were recruited via anonymous links either by posting the surveys on social
networks (Facebook, Twitter) or spreading the questionnaires through the research team’s extended
network of acquaintances. Italian was the native language of all the participants, who were naive
about the purpose of the experiment. Their participation was voluntary and not reimbursed. The
required sample size was previously estimated through a statistical power analysis (Cohen, 2013),
performed with the software More Power 6.0.4 (Campbell & Thompson, 2012) based on the effect
size obtained in a preliminary pilot study, as described in the preregistration (https://osf.io/sym9p).
More specifically, in the pilot study, we asked 115 participants in 4 different surveys to rate 108
words (68 abstract, 60 concrete) on Pleasantness, Valence, and ESC. It emerged that ACs were
rated significantly higher (M = 4.06; SE = 0.12, np2 = 0.38) on ESC dimension, as compared to
CCs (M = 3.11; SE = 0.13). Thus, in Study 1 we used the partial eta squared value (0.38), that is,
the effect size of the main effect of Category of Concepts (abstract, concrete) on the dependent
variable ESC in the pilot study as the expected effect size for the power analysis. The output
indicated that for a two within-factors design (Category, abstract vs. concrete), 24 participants

rating each dimension were sufficient to reach a power of 0.95 and an eta squared of 0.38.

Materials and procedure
To prevent participants from fatiguing effects, we split the sample of words into two different

surveys. The first survey was composed of two randomly presented blocks where 108 words were



rated on Valence, ESC, Pleasantness, and Familiarity (Block 1), and CA, SM, WC, and ON (Block
2). The second survey was structured as the first survey, but it featured an additional sample of 108
words. Since the surveys to be compiled were two, by taking into account the indication gathered
from the power analysis, a sample of 48 participants was needed. A total of 144 participants were
originally contacted. We excluded 96 participants, mostly because they did not complete the
surveys, likely due to the surveys length (N = 92, 64.33% of the original sample), and a few
because they provided random responses and faster than 10 minutes (N = 4, 0.02% of the sample).
This resulted in a final sample of 48 participants, among which 24 participants (17 females and 7
males; M age = 24.88 years, SD = 3.05) rated the first subset of 108 words and the remaining 24
participants (17 females and 7 males; mean M age = 26.58 years, SD = 9.05) rated the second
subset of 108 different words. Ethics permission was granted by the Ethics Committee of the
Psychology Department at Sapienza University of Rome (Prot. n. 0001040-16/11/2020).
Participants were informed of the general purpose of the study. Each survey provided informed
consent. The study was implemented in Psytoolkit (Stoet, 2010, 2017), a Interactive-to-use toolkit
for experiments and survey design. The stimuli were 108 abstract and 108 concrete words. The
number of items was defined on the basis of the analyses conducted on a preliminary data collection
described in the preregistered report (https://osf.io/sym9p). We doubled the number of items of the
preliminary data collection in order to increase analysis reliability. ACs selected from Villani et
al.’s (2019) database were counterbalanced for the four subclusters identified in Villani et al.’s
(2019) and randomly assigned to one of the two surveys. Accordingly, we selected 27 physical,
spatio-temporal, and quantitative concepts, for example, “scheme”; 27 philosophical and spiritual
concepts, for example,“judgment”; 27 concepts related to the self and social concepts, for example,
“politeness”; and 27 emotional and inner state concepts, for example, “happiness.” CCs were
selected from Montefinese et al. (2014) database and sampled to include the types of CCs more
frequently identified in the literature (see Rumiati & Foroni, 2016; Villani et al., 2021; Warrington
& Shallice, 1984). Specifically, we selected 36 food concepts, 36 animal concepts, and 36 artifacts.
Participants were asked to rate each concept on eight dimensions, that is, Valence, Pleasantness,
ESC, SM, WC, Context Availability, Familiarity, and ON through a Likert scale ranging from O:
“completely negative”to 7:“completely positive.” We asked participants to evaluate some Valence
of each word, the SM dimension, that is, the need to rely on other to better understand a concept;
the Familiarity of each word; the WC, that is the degree to which we think to know the meaning of
a word and, and the CA, that is, the degree to which we perceive easy to think about a context for

each word. Moreover, we included three new dimensions: the ON dimension, referring to how



much we feel open to negotiating the meaning of words; the Pleasantness of a word; and finally, the
ESC, which it is the specific object of investigation in the current study. ESC refers to how much
we consider easy to use a word to start a dialog (for further information about the scales, see next
section). Once participants agreed to take part in the study, they were presented with the rating task
and asked to evaluate target words on the eight dimensions using the Likert scales scale. Before
rating the concepts, participants were asked to report their age in numbers and their gender. They
gave their responses into separate boxes for each target word presented per dimension. All data,

scripts, and analyses are available at https://osf.io/tq3nb. Each participant was randomly assigned to

compile one of the two surveys, hence rating a single subset of 108 words on all the dimensions
across two blocks. The order of blocks and dimensions was randomized across participants, and

items were randomly presented within each block.

Description of the scales administered in the study

Specifically, for the Valence dimension, the instructions were: ‘Please, rate the valence of each of
the following words from 0: ‘completely negative’, to 7: ‘completely positive”; for the Social
Metacognition dimension, the instructions were: ‘Please, evaluate the extent to which you perceive
or have perceived a need to rely on others in order to understand the meaning of each of the
following words’, from 0: ‘no need to rely on other’ to 7: ‘completely need to rely on other’. For the
Familiarity dimension, the instructions were: ‘Please, rate the extent to which you perceive as
familiar each of the following words’, from 0: ‘not familiar at all’ to 7: ‘completely familiar’. For
the Word Confidence dimension, the instructions were: ‘Please, evaluate the degree to which you
think to know the meaning or to understand the functioning of the concept to which each of the
following words refer’, from 0: ‘not at all’ to 7: ‘completely’. For Context Availability, the
instructions were: ‘Please, rate the degree to which you perceive easy to think about a context for
each of the following words’ from 0: ‘not easy at all’ to 7: ‘completely easy’. Importantly,
Pleasantness, Easiness to Start a Conversation, and Openness to Negotiation were the new explored
dimensions.

For the Pleasantness dimension, the instructions were: ‘Please, evaluate how pleasant you perceive
each of the following words from 0: ‘not pleasant at all’, to 7: ‘completely positive”. For the
Easiness to Start a Conversation dimension, the instructions were: ’Please, rate the easiness to start
a conversation from each of the following word, 0: ‘not easy at all’ to 7: ‘completely easy’. Finally,

for the Openness to Negotiation dimension, the instructions were: ‘Please, evaluate how much you


https://osf.io/tq3nb

feel open to negotiate with others the meaning of each of the following words’, from 0 ‘not open at

all to negotiate the meaning” to 7: ‘completely open to negotiating the meaning’.

Data analysis

Data pre-processing and data analysis were performed with R (R-Core Team, 2019) and RStudio
(version 4.2.0). Statistical significance of fixed effects for mixed models was determined through
type III ANOVA test from “afex” package (Singmann et al., 2015), and p-values were calculated
with Satterthwaite’s approximation. Post hoc comparisons were performed with the “emmeans”
package (Lenth et al., 2019) using Tukey’s correction for multiple comparisons. Principal
component analysis (PCA) was carried out with “tidymodels”(Kuhn & Wickham, 2018) and
hierarchical cluster analysis with “FactoMineR” (L¢ et al., 2008).

Results

ACs are rated higher on ESC compared to CCs

In order to assess whether ACs would be rated higher on ESC compared to CCs regardless of their
scores on Pleasantness (ACs M = 3.7889, SD = 1.9778; CCs M = 3.7527, SD = 1.7609), Valence
(ACs M =4.0945, SD = 2.1590; CCs M = 4.0308, SD = 1.9073), and Familiarity (ACs M = 5.3912,
SD = 1.8188; CCs M = 5.6878, SD = 1.7315), we used linear mixed-effects models (Bates et al.,
2014). In the first model (R2C = 0.31), we entered ESC scores as dependent variable and Category
of Concepts (abstract vs. concrete) as a fixed effect. We included participants and words as random
intercepts. The model showed a main effect of Category of Concepts, F(1,214) = 14.65, p = 0.0001,
with higher means in the Abstract compared to the CCs condition (ACs M = 3.65, SE = 0.191; CCs
M = 3.27, SE = 0.191). Our second aim was to investigate whether this effect was modulated by
Pleasantness, Valence, and Familiarity (i.e., the emotional-experiential dimension). To this end, we
fitted additional models, which we describe below. To avoid multicollinearity, we computed
Pearson correlations among these variables, which showed that Valence and Pleasantness were
highly correlated, R = 0.66, p < 0.0001. Familiarity was correlated with Valence, R = 0.42, p <
0.03, but not with Pleasantness, R = 0.24, p = 0.26. Based on these results, we fitted two different
models, both modeling ESC scores as a function of Category of Concepts (abstract vs. concrete)
and including participants and items as random intercepts but varying for the chosen continuous
predictors. Specifically, the first model (M1) included Familiarity and Pleasantness as continuous

predictors, while the second model (M2) included Valence as a continuous predictor.



M1

The model with Pleasantness and Familiarity as continuous predictors (R2C = 0.32) yielded a
significant main effect of Category of Concepts, F(1,210.1) = 26.972, p < 0.0001, Familiarity,
F(1,5124.1) = 128.851, p < 0.0001, and Pleasantness, F(1,4365.6) = 169.137, p < 0.0001. The
higher the ratings of Pleasantness, the higher the ratings of ESC (see Figure S1). The main effects
of Category of Concepts and Familiarity were better explained by a significant two-way interaction
of Familiarity x Category of Concepts, F(1,5119.7) = 25.696, p < 0.0001. Simple slope analysis
revealed that the slopes of AC (LCI 0.0794 — UCI 0.158) and CC (LCI 0.2086 — UCI 0.293) were
significantly different from zero as a function of the factor Familiarity. The pairwise difference
between the simple slopes of AC and CC as a function of Familiarity was significant, estimate =
0.132, SE = 0.026, t(5121) = 5.068, p < 0.0001, showing that more familiar concepts are also the

ones with which it is easier to get a conversation started.
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Figure S1. The graph shows the predicted values of the outcome variables. Shaded bands represent the confidence
intervals (95%). The higher participants’ scores of Pleasantness, the higher the Easiness to Start a Conversation scores.



It is worth noting that this also mediated the advantage of ACs over CCs previously discussed (see

Figure S2). More specifically, the lower the Familiarity, the higher the difference between ACs and

CCs.

Easiness to Start a Conversation
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Familiarity

4
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Concrete

Figure S2. The graph shows the predicted values of the outcome variables. Shaded bands represent the confidence
intervals (95%). The higher participants’ scores of Familiarity, the higher the Easiness to Start a Conversation scores.

M2

The model with Valence as a continuous predictor (R2 C = 0.31) yielded a main effect of Category
of Concepts, F(1,213.4) = 15.5628, p < 0.0001, and Valence, F(1,3760.6) = 133.9786, while the

two-way interaction of Category of Concepts x Valence was not significant F(1, 4160.4) = 0.2745,

p = 0.60. More valenced concepts are also those with which it is easier to start a conversation (see

Figure S3).



Easiness to Start a Conversation

Valence

Figure S3: The graph shows the predicted values of the outcome variables. Shaded bands represent the confidence
intervals (95%). The higher participants’ scores of Valence, the higher the Easiness to Start a Conversation scores.

In conclusion, from the analysis emerged that ACs are rated higher on ESC compared to CCs (Fig.
1). Moreover, at the increase of concepts’ Familiarity, the ACs advantage over CCs on ESC
disappears. Finally, regardless of conceptual category (abstract/concrete), the more pleasant and

positive valenced concepts are evaluated, the higher their ESC score.



Easiness to Start a Conversation

Abstract Concrete

Fig. 1. Abstract concepts (ACs) are rated significantly higher than concrete concepts (CCs) in the Easiness to Start a
Conversation (ESC). Horizontal lines in the boxes indicate the median, upper and lower borders indicate first and third
quartiles, red rhombus represents the average of observations, and “whiskers” extend to the farthest points that are not
outliers.

ACs are rated higher on SM, ON, and lower on WC and CA compared to CCs

In keeping with our first prediction, we explored whether AC and CC differed in their ratings on
SM, ON, WC, and CA using four linear mixed-effects models. Each of the models included
Category of Concepts (abstract vs. concrete) as fixed factor, participants and items as random
intercepts, and varied for the dependent variable used. The model with SM as dependent variable
(R2C =0.42) showed a main effect of Category of Concepts F(1,214) = 555.94, p < 0.0001 (ACs M
= 1.855, SE = 0.176; CCs M = 0.504, SE = 0.176), with higher means in ACs compared to CCs
condition (see Fig. 2A). The model with ON as dependent variable (R2C = 0.52) showed a main
effect of Category of Concepts F(1,214) = 852.25, p < 0.0001 (ACs M = 3.21, SE = 0.142; CCs M
= 0.626, SE = 0.142), with higher means in ACs compared to CCs condition (see Fig. 2B). The
model with WC as dependent variable (R2C = 0.34) showed a main effect of Category of Concepts
F(1,214) = 271.72, p < 0.0001 (ACs M =5.57, SE = 0.151; CCs M = 6.45, SE = 0.151), with lower
means in ACs compared to CCs condition (see Fig. 2C). The model with CA as dependent variable
(R2C =0.49) showed a main effect of Category of Concepts F(1,214) = 784.43, p < 0.0001 (ACs M



= 3.27, SE = 0.171; CCs M = 5.89, SE = 0.171), with lower means in ACs compared to CCs
condition (see Fig. 2D).
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Fig. 2. The plots show abstract concepts (ACs) and concrete concepts (CCs) scores on Social Metacognition (SM),
Openness to Negotiation (ON), Word Confidence (WC), and Contextual Availability (CA). Horizontal lines in the
boxes indicate the median, upper and lower borders indicate first and third quartiles, red rhombus represents the average
of observations, and “whiskers” extend to the farthest points that are not outliers. Panel (A) ACs (M = 1.855, SE =
0.176) are rated higher on SM than CCs (M = 0.504, SE = 0.176). Panel (B) ACs (M = 3.21, SE = 0.142) are rated
higher on ON than CCs (M = 0.626, SE = 0.142). Panel (C) ACs (M = 5.57, SE = 0.151) are rated lower on WC than
CCs (M = 6.45, SE = 0.151). Panel (D) ACs (M = 3.27, SE = 0.171) are rated lower on CA as compared to CCs (M =
5.89, SE = 0.171).

In conclusion, results indicate that ACs are rated higher on SM, ON, and lower on WC and CA

compared to CCs.

Metacognitive—semantic and emotional—experiential components explain most of words variance
Once we identified the dimensions that mostly explain ESC, we sought to explore how the words of
our sample were distributed in the semantic space composed of our variables of interest as a
function of ESC. So, we performed a PCA (Jollife, 2010) on the normalized rating dataset. PCA is a
suitable method to extract a new set of features from an existing set of variables, explaining the

variance in the dataset. Before applying PCA, all the variables (i.e., the average rating score per



each dimension) were centered and standardized. We entered ESC as outcome variable and the
other dimensions (SM, ON, WC, and CA) as numerical predictors. We focused on components that
weigh more of |.3| (Mazzuca et al., 2022; Villani et al., 2019). The first two components extracted
by the PCA explained together 83% of variance, with Component 1 explaining 52% of variance and
Component 2 explaining the remaining 31%. The first component was mostly composed of
semantic and experiential dimensions: SM, ON, WC, and CA. The second component was instead
mostly characterized by emotional-experiential dimensions: Pleasantness, Valence, and Familiarity
(see Table 1). The first component was characterized by the opposition between SM and ON, WC,
CA, and Familiarity (Fig. 3). This suggests that the more we are confident about the meaning of the
word (WC), the more we can retrieve contexts evoked by words (CA); the less we need others to
master the meaning of the word (SM), and the less we are open to negotiating the word’s meaning
(ON). Crucially, AC and CC were sharply distinguished on the basis of the dimensions included in
PC1, with ACs characterized by high scores on SM and ON and CCs characterized by high scores
on WC and CA. The composition of the second component instead points to the fact that the more
positively valenced, pleasant, and familiar the words are, the easier it is to start a conversation
prompted by these words. In summary, through the (PCA) multivariate analysis, we identified two
main components: a semantic—metacognitive one, composed of WC, SM, ON, and CA components
and an emotional—experiential one composed of Pleasantness, Familiarity and VValence components.
While the first one fully captures the abstract— concrete categorical distinction, the second one
indicates that regardless of conceptual category, the concepts evaluated as more positive, pleasant,

and familiar are also considered as being easier to start a conversation with.

Table 1. Contribution of each dimension on PC1 and PC2, and their positive and negative values



Dimensions Values Components
Familiarity —0.28833 PC1
Pleasantness —0.02321 PC1
Valence —0.03107 PC1
Social metacognition 0.475916 PC1
Openness to negotiation 0.474826 PC1
Contextual availability —0.47635 PC1
Word confidence —0.48631 PC1
Familiarity —0.37252 PC2
Pleasantness —0.64173 PC2
Valence —0.63348 PC2
Social metacognition —0.11295 PC2
Openness to negotiation —0.18734 PC2
Contextual availability 0.01059 PC2
Word confidence —0.11086 PC2
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Fig. 3. Although abstractness~concreteness was not considered as a dimension in the PCA, looking at the plot, we
notice that abstract and concrete words are quite sharply distinguished on the basis of PC1. For instance, words like
“knowledge,” “ethic,” and “virtue” are characterized by high scores on Social Metacognition and Openness to

Negotiation, and low scores in Word Confidence and Contextual Availability, and words like “orange,

“pencil” by the opposite pattern.
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The emotional—experiential component better predicts ESC as a function of abstractness



After investigating how words are distributed in the semantic space composed of our targeted
dimensions, we sought to determine which components contributed more to predict ESC. So, we
fitted a linear model with ESC ratings as dependent variable, and the outcome of the PCA for each
component as predictor (R2C = 0.31). The results showed a main effect of the second (PC2:
emotional-experiential) component F (1,213) = 93.78, p < 0.0001. This shows that overall,
emotional and experiential variables taken together predict ESC. Specifically, the more words were
perceived as pleasant, positive, and familiar, the easier it is to start a conversation with them. Given
our hypotheses, we were also interested in assessing whether there is a difference between AC and
CC. So, we fitted a linear mixed model with ESC as dependent variable, Category of Concepts
(abstract vs. concrete) as categorical predictor, the components as continuous predictors, and
random intercepts for words and participants. The model (R2C = 0.30) yielded a main effect of the
Category of Concepts F(1,215.1) = 5.41, p = 0.02, and of the second (PC2: emotional— experiential)
component F(1,215.1) = 72.69, p < 0.0001. These two main effects were better explained by the
significant two-way Category of Concepts x PC2 (emotional-experiential component) interaction
F(1,215.1) = 8.60, p = 0.003. Simple slope analysis revealed that the slopes of AC (LCI 0.130 -
UCI 0.258) and CC (LCI 0.275 — UCI 0.521) were significantly different from zero as a function of
PC2. The pairwise difference between the simple slopes of AC and CC as a function of PC2 was
significant (estimate = 0.204, SE = 0.0703, t(220) = 2.899, p = 0.0041), showing that the more
concepts are familiar, positively valenced, and pleasant, the higher the ESC and the less is the
difference between AC over CC. In conclusion, the results indicate that PC2 (emotional—
experiential component) is stronger as compared with PC1 (semantic—-metacognitive component) in

predicting the ESC dimension.

Explorative analysis

Self-Sociality and emotional concepts are rated higher on ESC compared to both other sub-kinds of
ACs, and sub-kinds of CCs

Recently, multiple representation theories have consolidated the idea that the abstract—concrete
dichotomy does not suffice for the full identification of all the conceptual features. Many
dimensions like interoception, emotions, language, and social interaction contribute to provide a
more exhaustive conceptual clustering (see Banks et al., 2022). For this reason, we decided to
explore whether specific ACs’ semantic subclusters identified by Villani et al. (2019) differ on the
ESC dimension. To this end, we fitted a model (M1) with ESC as dependent variable, Subcluster of



Concept as a fixed factor, and random intercepts for participants and words (R2C = 0.31). 6.2. M1
The model showed a main effect of Subcluster of Concept F(6,209) = 10.366, p < 0.0001. Tukey
post hoc comparisons indicated that Emotional concepts (M = 4.03, SE = 0.219) were rated
significantly higher on ESC compared to Food concepts (M = 3.35, SE = 0.209, t(209) = 4.011, p <
0.0016), Artifacts concepts (M = 3.21, SE = 0.209, t(209) = 4.869, p < 0.0001), Animals concepts
(M = 3.26, SE=0.209, t(209) = 4.546, p = 0.0002), Physical Space Time and Quantity concepts (M
= 3.28, SE = 0.219, t(209) = 4.135, p < 0.0001), and Philosophical and Spiritual concepts (M =
3.18, SE = 0.219, t(209) = 4.726, p < 0.0001). Likewise, Self-Sociality (M = 4.11, SE = 0.219)
concepts were rated significantly higher on ESC compared to all CCs, that is, Food concepts (M =
3.35, SE =0.209, t(209) = 4.496, p = 0.0002), Artifacts concepts (M = 3.21, SE = 0.209, t(209) =
5.354, p < 0.0001), and Animals concepts (M = 3.26, SE = 0.209, t(209) = 5.032, p < 0.0001), and
to the other abstract Physical Space Time and Quantity concepts (M = 3.28, SE = 0.219, t (209) =
4.589, p < 0.0002) and Philosophical and Spiritual concepts (M = 3.18, SE =0.219, t(209) = 5.180,
p < 0.0001). There was instead no difference on scores of ESC between Emotional and Self-
Sociality concepts, t(209) = 0.454, p = 0.999 (see Fig. 4A). In summary, Emotional and Self-
Sociality concepts scored significantly higher on ESC. Since the pattern of results of previous
analyses suggested that Familiarity and Pleasantness significantly modulated ESC with AC and CC,
we aimed at assessing whether this was the case also with more fine-grained conceptual categories.
Specifically, we wanted to verify whether the advantage of Emotional and Self-Sociality concepts
was due to higher scores in Familiarity and Pleasantness. So, we performed a second model (M2)
(R2C = 0.33) with ESC as dependent variable, the Subcluster of Concepts as a fixed factor, as
continuous predictors Familiarity and Pleasantness, and as random intercepts participants and

words.
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Fig. 4A. The plot shows the main effect of Subcluster of Concepts yielded by the model with Easiness to Start a
Conversation (ESC) as dependent variable, Subcluster of Concepts as fixed factor, and participants and words as
random intercepts, Emotional (M = 4.03, SE = 0.219) and Self-Sociality (M = 4.11, SE = 0.219) concepts scored
significantly higher on ESC as compared to all the other Subclusters (Food: M = 3.35, SE = 0.209; Artifacts: M = 3.21,
SE = 0.209; Animals: M = 3.26, SE = 0.209; Physical Space Time and Quantity: M = 3.28, SE = 0.219; Philosophical
and Spiritual: M = 3.18, SE = 0.219).

M2

The model showed a main effect of Subcluster F(6, 2479.9) = 8.6807, p < 0.0001, of Familiarity
F(1,5090.6)=111.7541, p < 0.0001.The main effects of Familiarity and Subcluster were better
explained by the two-way interaction Familiarity x Subcluster F(6, 5081.9) = 6.0737, p < 0.0001.
Simple slope analysis revealed that the slopes of all the subclusters were significantly different from
zero as a function of Familiarity: Emotional (LCI 0.0866 — UCI 0.254), Artifacts (LCI 0.1560 —
UCI 0.289), Animals (LCI 0.2278 — UCI 0.357), Food (LCI 0.1729 — UCI 0.310), Philosophical
and Spiritual (LCI 0.0196 — UCI 0.146), Self-Sociality (LCI 0.053 — UCI 0.215), and Physical
Space Time and Quantity concepts (LCI 0.0150 — UCI 0.154). The pairwise difference between the
simple slopes of Animals Subcluster and Philosophical and Spiritual (estimate = 0.20960, SE =
0.0444, t(5113) = 4.723, p < 0.0001), Physical Space Time and Quantity (estimate = 0.20812, SE =
0.0464, t(5104) = 4.486, p < 0.0002), and Self-Sociality (estimate = 0.15823, SE = 0.0507, t(5113)



= 3.123, p = 0.0298) Subclusters as a function of Familiarity was significant. The pairwise
difference between the simple slopes of Artifacts Subcluster and Philosophical and Spiritual
Subcluster was significant (estimate = 0.13944, SE = 0.0451, t(5087) = 3.092, p = 0.0320). The
pairwise difference between the simple slopes of Food Subcluster and Philosophical and Spiritual
(estimate=0.15874, SE=0.0458, t(5078)=3.469, p < 0.001) and Physical Space Time and Quantity
(estimate = 0.15726, SE = 0.0477, t (5073) = 3.300, p = 0.0169) Subclusters was significant.

Subclusters
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Fig. 4B. The plot shows the predicted values of the outcome variables. Shaded bands represent the confidence intervals
(95%). The higher the participants’ scores of Familiarity, the higher the Easiness to Start a Conversation scores.

To summarize, the advantage of the Emotional and Self-Sociality concepts on ESC dimension was
not explained by Familiarity. As shown in Fig. 4B, the advantage of Emotional and Self-Sociality
Subclusters is present independently of the Familiarity dimension.

Abstractness ~ concreteness fully captures the words’ distribution as a function of new pragmatic-
emotional dimensions

Although many of the dimensions we targeted in our study are commonly employed in studies on
conceptual representations, some of these dimensions, like ON, ESC, and Pleasantness, are new.
For this reason, we were interested in understanding whether our data would be grouped in new

subclusters on the basis of the eight dimensions explored. So, we performed a hierarchical cluster



analysis based on Euclidean distances between our variables. Silhouette’s Index (Chouikhi et al.,
2015) indicated two as the best number of clusters for our data (SI = 0.2). We identified relevant
clusters based on their Euclidean distance on the dimensions of ratings, using Ward’s clustering
algorithm (see Harpaintner et al., 2018; Mazzuca et al., 2020 for similar methods), an agglomerative
clustering algorithm that minimizes the total within clusters variance. Cluster 1 included all
concrete words but few abstract words, while Cluster 2 included all abstract words but few concrete
words. Cluster 1 encompasses words with higher scores on Familiarity (M1 = 5.69, M2 = 5.35,
t(214) = 5.10, p < 0.0001), CA (M1 =5.71, M2 = 4.59, t(214) = 23.21, p < 0.0001), and WC (M1 =
6.44, M2 = 6.01, t(214) = 19.74, p < 0.0001) compared to words in Cluster 2. By contrast, words in
Cluster 1 had lower scores on SM (M1 = 0.59, M2 = 1.17, t(214) = 21.525, p < 0.0001), ON (M1 =
0.72, M2 = 1.90, t(214) = 33.58, p < 0.0001) and ESC (M1 = 3.25, M2 = 3.72, t(214) = 4.93, p <
0.0001) compared to words in Cluster 2. The two clusters did not differ for Valence (M1 =4, M2 =
4.13, t(214) = 0.76, p = 0.45) and Pleasantness (M1 = 3.69, M2 = 3.85, t(214) = 1.14, p = 0.25). In
conclusion, ACs are polarized in a cluster with the following features: high SM, high ON, and high
ESC, while CCs are polarized in a cluster with the following features: high WC, high CA, and high

Familiarity.

Interim conclusions

In summary, the overall analysis showed that the more pleasant, familiar, and positively valenced
were rated the concepts, and the easier to start a conversation with was evaluated. At lower values
of the Familiarity dimension, ACs were rated as higher than CCs in the ESC dimension. Moreover,
ACs were rated higher on SM, ON, and lower on WC and CA. From the PCA analysis, we
extracted two dimensions: one emotional—experiential, one semantic—-metacognitive. The first one is
composed of Familiarity, Valence, and Pleasantness and stronger predicts the ESC dimension, the
second one is composed of WC, CA, SM, ON, and markedly distinguishes AC and CC. The
subclusters of ACs with the highest rating in the ESC dimension were the Self-Sociality and
emotional subclusters; this result was not explained by the Familiarity dimension. Finally, on the
basis of the explored dimensions (Pleasantness, Familiarity, Valence, SM, WC, CA, and ON), we
identified through the hierarchical cluster analysis two clusters of concepts. One cluster
corresponded to ACs with high SM, high ON, and high ESC, while the other cluster corresponding
to CCs with high WC, high CA, and high Familiarity.



Study 2

Although not included in the preregistration, we performed an additional rating study on the ESC
dimension, together with Pleasantness and Valence dimensions targeting an English native sample.

Our aim was to verify whether the advantage of AC vs. CC on ESC holds across cultures.

Method

Participants

A total of 40 participants took part in the study in a window between December, 10th 2021 and
May, 30th 2022. Participants were recruited via anonymous links either by posting the surveys on
social networks (Facebook, Twitter) or spreading the questionnaires through the research team’s
extended network of acquaintances. English was the native language of all the participants, who
were naive as to the experiment’s purpose. Their participation was voluntary and not reimbursed.
We decided to include a sample of 20 participants per each survey to recruit a number of

participants comparable to Study 1.

Materials and procedure

To prevent participants from fatiguing effects, we split the sample of words into two different
surveys. Each survey was composed of 40 different words (20 abstract and 20 concrete) to be rated
across the three following dimensions: Valence, ESC, and Pleasantness. The two surveys had the
same structure, but the 40 words to be rated were different. Since the surveys to be compiled were
two, a sample of 40 participants was needed, 20 for each survey. A total of 74 participants were
originally contacted, but 34 of them were excluded because they did not complete the
questionnaires, likely because of their length (34 participants, 45.95% of the original sample). Of
the final sample of 40 participants, 20 participants (15 females and 5 males; M age = 30.8 years, SD
= 12.89) performed the ratings of the first 40 words; the remaining 20 (13 females and 7 males; M
age = 34.75 years, SD = 15.94) performed the second ratings on the other 40 different words. The
study was conducted in accordance with the Declaration of Helsinki guidelines. Ethics permission
was granted by the Ethics Committee of the Psychology Department at Sapienza University of
Rome (Prot. n. 0001040— 16/11/2020). Participants were informed of the general purpose of the
study. Each survey provided informed consent. The study was implemented on Psytoolkit (Stoet,

2010, 2017), in two independent surveys to avoid fatigue effects. Each one presented 20 abstract



and 20 concrete words that participants were required to rate. ACs selected from Villani et al.’s
(2019) database were counterbalanced for the four subclusters identified in the database and
randomly assigned to one of the two survey ratings. Accordingly, 10 physical, spatio-temporal, and
quantitative concepts; 10 philosophical and spiritual concepts; 10 concepts related to the self and
social concepts; and 10 emotional and inner state concepts were selected. The 40 CCs were selected
from Montefinese et al.’s (2014) database. The surveys required for each concept a rating score for

the three dimensions of interest: VValence, Pleasantness, and ESC.

Data analysis

The procedure was the same as Study 1. All data, scripts, and analyses are available at
https://osf.io/tq3nb.

Results

The advantage of AC vs. CC on ESC holds in English

In order to verify whether the advantage of AC vs. CC on the ESC dimension holds in an English
sample, we performed a linear mixed-effects model. The model (R2C = 0.46) included ESC as
dependent variable, Category of Concepts (abstract, concrete) as fixed factor, and participants and
words as random intercepts. The model showed a main effect of Category of Concepts F(1,214)
=14.657, p < 0.0001, with ACs (M = 4,79, SE = 0.205) rated significantly higher on ESC as
compared with CCs (M =4.12, SE = 0.205, t(77) = 4.141, p < 0.0001), (see Figure S4).


https://osf.io/tq3nb
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Figure S4. The graph shows the main effect of Category of Concepts yielded my the model with as dependent variable
Easiness to Start a Conversation -ESC-, as fixed effect the Category of Concepts (Abstract, Concrete) and as random
intercepts, participants and words. ACs are rated significantly higher as compared to CCs in the Easiness to Start a
Conversation-ESC-. Horizontal lines in the boxes indicate the median, upper and lower borders indicate first and third
quartiles; red rhombus represents the average of observations, ‘whiskers’ extend to the farthest points that are not
outliers.

Then, as for the Italian sample, we investigated whether the effect was modulated by the following
dimensions: Pleasantness, Valence, and Familiarity. To avoid multicollinearity, we computed
correlations among the continuous predictors to be entered into the model. Valence and
Pleasantness were highly correlated (R = 0.75, p < 0.0001), moreover, Familiarity was correlated
with Valence (R = 0.14, p < 0.0001) and with Pleasantness (R = 0.17, p < 0.0001). For this reason,
we performed three different models with ESC as dependent variable, Category of Concepts as
fixed effect, and random intercepts for words and participants, varying for the continuous
predictors. In the first one, we entered Valence as continuous predictor (M1); in the second model
we entered Pleasantness as a continuous predictor (M2); finally in the third model we entered

Familiarity as continuous predictor (M3).

M1



The model (R2C = 0.46) with Valence as a continuous predictor yielded a main effect of the
Category of Concepts F(1,529.04) = 32.022, p < 0.0001, and Valence F (1,1183.54) = 71.155, p <
0.0001. The main effects of Category and Valence were better explained by the two-way interaction
Category x Valence F(1,1248.31) = 14.599, p < 0.0001. Simple slope analysis revealed that the
slopes of AC (LCI 0.0671 — UCI 0.223) and CC (LCI 0.2821 — UCI 0.461) were significantly
different from zero as a function of the factor Valence. The pairwise difference between the simple
slopes of AC and CC as a function of Valence was significant (estimate = 0.227, SE = 0.0596, t
(1249) = 3.807, p < 0.0001). The higher the ratings of concepts in Valence, the higher the ratings in
the Easiness of Starting a Conversation dimension, the less the difference between AC on CC (see
Figure S5).
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Figure S5. The graph shows the predicted values of the outcome variables. Shaded bands represent the confidence
intervals (95%). The higher participants’ scores of Valence, the higher the Easiness to Start a Conversation scores.

M2

The model (R2C = 0.49) with Pleasantness as a continuous predictor yielded a main effect of
Category of Concepts F(1,453.86) = 37.845, p < 0.0001 and Pleasantness F (1,1040.54) = 54.160, p
< 0.0001. The main effects were better explained by the twoway interaction Category x



Pleasantness F(1,1130.75) = 18.366, p < 0.0001. Simple slope analysis revealed that the slopes of
AC (LCI 0.0158 — UCI 0.167) and CC (LCI1 0.2479 — UCI 0.411) were significantly different from
zero as a function of the factor Pleasantness. The pairwise difference between the simple slopes of
AC and CC as a function of Pleasantness was significant (estimate = 0.238, SE = 0.055, t (1137) =
4.269, p < 0.0001). The higher the ratings of concepts in Pleasantness, the higher the ratings in the
Easiness of Starting a Conversation dimension, the less the difference between AC on CC (see
Figure S6).
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Figure S6. The graph shows the predicted values of the outcome variables. Shaded bands represent the confidence
intervals (95%). The higher participants’ scores of Pleasantness, the higher the Easiness to Start a Conversation scores.

M3

The model (R2C = 0.49) with Familiarity as a continuous predictor yielded a main effect of
Category of Concepts F(1,1150.4) = 12.3699, p = 0.0004 and Familiarity F(1,1589.2) = 110.9192, p
< 0.0001. The main effects were better explained by the two-way interaction Category
Familiarity F(1,1564.8) = 4.8518, p = 0.0277. Simple slope analysis revealed that the slopes of AC
(LCI1 0.189 — UCI1 0.379) and CC (LCI 0.334 — UCI 0.480) were significantly different from zero as
a function of the factor Familiarity. The pairwise difference between the simple slopes of AC and
CC as a function of Familiarity was significant (estimate = 0.123, SE = 0.0558, t(1565) = 2.200, p =



0.028). The higher the ratings of concepts in Pleasantness, the higher the ratings in the Easiness of
Starting a Conversation dimension, the less the difference between AC on CC (see Figure S7). In
conclusion, the emotional-experiential dimensions positively predicted the ESC but did not explain

the advantage of ACs over CCs.
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Figure S7. The graph shows the predicted values of the outcome variables. Shaded bands represent the confidence
intervals (95%). The higher participants’ scores of Familiarity, the higher the Easiness to Start a Conversation scores.

Self-Sociality subcluster is rated higher compared to all the other subclusters on the ESC dimension
also in an English sample

We also explored in the English sample whether specific ACs’ semantic subclusters identified by
Villani et al. (2019) differ on the ESC dimension. So, we performed a model (R2C = 0.47) with
ESC as dependent variable, Subclusters of Concepts as a fixed factor, and participants and words as
random intercepts. The model showed a main effect of Subcluster F(4,78.11) = 5.768, p < 0.0004.
Tukey post hoc comparisons indicated that Self-Sociality concepts (M = 5.16, SE = 0.219) were
rated significantly higher in ESC as compared with CCs (M = 4.12, SE = 0.203, t(79.7) = 3.873,p =
0.002). As in the Italian sample, the subcluster which seems to favor starting a conversation is the
Self-Sociality (see Figure S8).
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Figure S8. The graph shows the main effect of Subcluster of Concepts yielded by the model with as dependent variable
Easiness to Start a Conversation -ESC-, as fixed factor the Subcluster of Concepts and as random intercepts,
participants and words. Self-sociality (M=5.16, SE=0.219), concepts scored significantly higher on Easiness to Start a
Conversation as compared to Concrete concepts (M=4.12, SE=0.203).

3.1.2. Discussion

In the current study, we investigated whether starting a conversation with an abstract rather than
a CC is perceived as easier. To this aim, we asked participants to rate AC and CC, on the ESC
dimension, along with other classical and less-explored conceptual dimensions. We predicted that
ESC might be related to how much the meaning of a word can be negotiated/ discussed —(ON); how
much we need the others’ contribution to validate the meaning of a word (SM, Villani et al., 2019)];
how much we feel confident in mastering the meaning of the word (WC), and how much it is easy
to think of a context for each word (CA, Schwanenflugel et al., 1988). Results show that regardless
of being abstract or concrete, the more a concept was rated as pleasant, positively valenced, and
familiar, the easier it was to start a conversation with it. More importantly, participants judged it
easier to start a conversation with an AC compared to a CC. The lower the Familiarity, the higher
the advantage of AC compared to CC in the ESC dimension. We also found that ACs scored higher
on SM and ON, and lower on CA and WC. Indeed, we might need the others’ contribution more to

master ACs (Fini et al., 2021; Villani et al., 2019) and they might trigger more discussion and



debates (Mazzuca & Santarelli, 2022) compared to concrete ones. On the other hand, we feel more
confident in mastering CCs (Mazzuca et al., 2022) because they are easier to understand and offer a
clear, imaginable context/situation as referent (Schwanenflugel et al., 1988) compared to ACs.
Overall, the ESC dimension seems better explained by emotional-experiential components
resulting from the combination of Familiarity, Pleasantness, and Valence, extracted with the PCA.
Regardless of concepts being abstract or concrete, the higher the Familiarity and Pleasantness, the
more positive the Valence, the higher the ESC. When looking at the difference between AC and CC
on the ESC dimension, the lower the emotional-experiential ratings, the higher the advantage of
AC over CC. The advantage of ACs over CCs in the ESC dimension was also confirmed by a
hierarchical cluster analysis, in which two clusters of concepts were identified. The first included
mostly ACs with high scores on SM and ON, and the second included mostly concrete words with
high scores on CA, WC, and Familiarity. These two clusters did not differ for Pleasantness and
Valence. By investigating which kind of semantic subclusters most contributed to the advantage of
ACs in the ESC dimension, it emerged that Self-Sociality and emotional concepts were those
evaluated as easier to start a conversation with. Crucially, their predominance was not explained by
Familiarity. The advantage of AC on CC in the ESC dimension was also replicated in an English
sample with another set of stimuli. The subclusters that scored higher in the ESC were again Self-
Sociality and the Emotional concepts. The Self-Sociality subcluster significantly differed from the

concrete subcluster, while the emotional one showed a tendency in the same direction.

ACs “afford” conversations

The role of conceptual semantics in how we use the concepts during real social exchanges has
been poorly investigated. Here, through a rating study, we found that ACs are perceived as better
“affording” conversations. The results obtained with an Italian sample generalize to an English-
speaking sample. Indeed, ACs were evaluated as easier to start a conversation with than concrete
ones. Why might ACs facilitate conversations?

ACs seem to evoke linguistic experiences to a larger extent, as shown by evidence on activation
of the mouth motor system during ACs acquisition and processing. Furthermore, they evoke more
uncertainty, as revealed by judgments of lower confidence (Mazzuca et al., 2022) and by a higher
number of uncertainty-related expressions (Villani et al., 2022). Conversations might be not only
the prerequisite for ACs’ acquisition but also the optimal scaffolding to discuss, negotiate, and

master complex meanings and to find an intellectual validation.



In previous work, we argued that ACs elicit prosocial behavior due to their indeterminate
character (Borghi, 2022; Fini & Borghi, 2019). In this rating study, we consistently found that
people feel less confident in knowing their meaning, tend to rely more on others to understand their
meaning, and believe their meaning is more debatable and open. This might explain why people
tend to think it is easier to start a conversation with ACs. However, our results suggest that such an
explanation is not complete. Indeed, we found in both the Italian and the English sample that,
among ACs, the kinds of concepts with which it is easier to start a conversation are Self-Sociality
concepts (i.e., “politeness,” “art,” “mood”), the ACs which are more related to social matters, and
that are more “embodied”than other ACs (Villani et al., 2019).

One can speculate that two alternative explanations are at play. The first leads to starting a
conversation from matters more related to sociality. Others would therefore be perceived as people
with whom to share experiences. This explains both the higher scores in ESC of AC over CC and
the advantage of Self-Sociality concepts over the other ACs. Another, and possibly concurrent,
mechanism is more linked to the intellectual role others might play. This mechanism might
contribute to explaining the advantage of AC over CC in starting a conversation. We might engage
in conversations and dialogs with others when we need their intellectual support to understand
better complex concepts, including the more abstract and less-embodied ACs.

Recent results (Villani et al., 2022) of a study in which participants had to respond to sentences
simulating a conversation with an acquaintance indicated that Philosophical and Spiritual concepts
and Physical Space Time and Quantity concepts seemed to contribute to fuel the conversation over
time. Participants were keen to continue the conversation, asking for more turns when the
conversation was about Philosophical and Spiritual concepts and Physical Space Time and Quantity
concepts. Based on this evidence, we are akin to think that the previously described mechanisms
might pertain the relation between ACs’ subclusters (see Villani et al., 2019) and conversational
dynamics in different ways. Self-Sociality concepts might favor starting a dialog, by pointing
directly to emotional and psychological states, which are part of conventional wisdom and by
avoiding opportunities for conflicts and polarizations. Philosophical and Spiritual concepts and
Physical Space Time and Quantity concepts might, instead, lead participants to extend the dialog,
thanks to intense intellectual exchange.

The emotional-experiential component (Familiarity, Valence, Pleasantness) extracted with the
PCA impacts the ESC dimension. The more a concept is familiar, positively valenced, and pleasant,
the higher the ESC. Importantly, although such a component seems to play a crucial role in

explaining overall the ESC dimension, it does not explain the advantage of AC over CC in the



same. As attested by the hierarchical cluster analysis, ACs are included in a cluster characterized by
high scores on SM, ON, and ESC, while CCs are included in a cluster characterized by high scores
on WC, CA, and Familiarity. Crucially, regardless of Familiarity, Valence, and Pleasantness, ACs
are rated higher in the ESC than CCs.

Finally, three aspects deserve attention. The first one is that the stimuli selection was performed
by avoiding too negatively valenced words; this implies that by exploiting a full range of emotional
words, the emotional—experiential dimensions might override the advantage of ACs over CCs. The
second is that future behavioral studies need to explore the results further. Operationalizing the
same experimental question in a lab setting will clarify whether the advantage of ACs over CCs in
prompting a dialog also occurs during a real conversation. Moreover, we asked participants to rate
“decontextualized” words and that we still do not know whether a number of factors can impact
conversational dynamics. For example, different environmental features like affordance richness,
outdoor vs. indoor spaces, and personality traits might predict the words we choose to start a verbal
exchange with others.

Conclusion

ACs (specifically Self-Sociality) are evaluated to ease the starting of a conversation compared to
CCs. This effect is not explained by emotional-experiential dimensions, that is, Familiarity,
Pleasantness, and Valence. We suggest that it is instead well captured by the social grounding of
ACs (see WAT theory, Borghi et al., 2017, 2018, 2019), which might extend to their use and, more
generally, to the pragmatic of communication. Gathering knowledge about new conceptual
pragmatic dimensions might be particularly useful for an adequate linguistic stimuli selection in
more ecological interactive paradigms to study conversational dynamics.



3.2. Digital Connection, Real Bonding: Brief OnlineChats Boost

Interpersonal Closeness Regardless of the Conversational Topic

3.2.1. Introduction

As of April 2023, 5.8 billion people (64.6 % of the world population) are estimated as Internet
users (Internet and social media users in the world 2023 | Statista). The rapid diffusion of virtual
networking powerfully triggered a social change (Wellman et al., 2003). Social networks such as
Facebook, Instagram, Whatsapp, Telegram, Twitter, are new platforms for self-expression and
allow people to be constantly available to communicate with others (Vorderer & Kohring, 2013).
The technological intrusion into the interpersonal sphere caused important psychological and
sociological phenomena. More than others, new interactive styles are a direct consequence of the
burgeoning of computer-mediated communication (CMC, see Tidwell & Walther, 2002). The
digital space allows people to start a conversation about a topic, and create personal relationships.
What are the main differences between CMC social interaction as compared to the traditional face-
to-face ones? Corporeal proximity is no longer needed for CMCs to take place. When chatting by
writing messages on a computer screen, the richness of bodily language cannot contribute to smooth
conversational dynamics. All kinds of interpersonal nonverbal signals and paralinguistic aspects
(i.e., gaze direction, voice tone, proximity, face expression) typical of face-to-face interactions (see
Bavelas, & Gerwing, 2011; Bavelas, Gerwing & Healing, 2014; Holler et al., 2022; Bavelas 2022)
are indeed missing (Daft and Lengel 1984; Sproull and Kiesler 1986; Shokley, Richardson & Dale,
2009). Research, however, reveals that CMC allows the maintenance of social ties and the
establishment of new relationships among individuals (McKenna, Green, & Gleason, 2002; Parks &
Floyd, 1996; Ellison et al., 2014; Grieve et al., 2013; Pettegrew & Day, 2015; Ryan et al., 2017;
Wei & Lo, 2006).

In written synchronous CMC, where users engage in real-time conversations by sending
messages that appear on the receiver’s computer screen, the lack of embodied social feedback is
partially compensated by alternative strategies (e.g., repeating the letters of some words, and using

emoticons, contractions, and acronyms; Zaferanieh, 2012, see also Walther & Tidwell,1995;



Walther & D’Addario, 2001). The sequence of the interactive events described above reinforces
what we already know about dialogues: regardless of the (un)mediated modalities through which
they are realized, conversations are a form of joint activity (Clark, 1996; Garrod & Pickering, 2004;
2021). During a dialogue, two interlocutors try to accomplish the common goal of building new
knowledge based on reciprocal conversational contributions. Without collaborating, a conversation
becomes fragmented, chaotic, and ambiguous and the information exchanged will not be fully
understood by the interlocutors, as they lack a shared interpretative background which can lead both
to agreements or disagreements. Even though both face-to-face conversations and written
synchronous CMC, are the product of collaboration efforts, the adopted interacting styles are quite
different (Tidwell & Walther, 2002). Various theoretical views attempt to frame these differences.

The hyperpersonal perspective of CMC claims that the absence of nonverbal cues, editing
capabilities, identity cues, and temporal characteristics may lead interlocutors to favour self-
presentation and partner idealization, fostering exchanges that are more intimate than those of face-
to-face counterparts. Similarly, the Social identity and Deindividuation Theory (Spears & Lea,
1992) sustains that, in synchronous CMC, reciprocal impressions are formed based on the social
categories attributed to interlocutors rather than on interpersonal cues. In line with the Uncertainty
reduction theory — (Berger & Calabrese, 1975), Tidwell and Walther (2002) found that, in written
synchronous CMC, interlocutors employ more direct interactive uncertainty reduction strategies,
such as asking intimate questions and sharing personal information, as compared with face-to-face
conversations. Technology-mediated self-disclosure is at least as frequent and as relevant as face-
to-face self-disclosure (Nguyen, Bin, & Campbell, 2012) and may lead to increased intimacy (Jiang,
Bazarova & Hancock, 2011). In conclusion, although qualitatively different from face-to-face
conversations, written synchronous CMC seems to foster interpersonal communication. A meta-
analysis on the relation between digital communication and psychological well-being drew the
conclusion that synchronous conversations —instant messaging (IM)— lead to experiencing a
positive sense of connection (Liu et al., 2019).

How do people experience synchronous CMC? Is it enough to talk for a few minutes with
strangers to create a sense of closeness with them? To date, no research has addressed the
interpersonal dynamics promoted by a short written synchronous CMC. As we already pointed out,
since a conversation is a form of joint action, it might be sensitive to the same rules orchestrating
joint actions. A recent study revealed that participants preferred to maintain a shorter distance from
an (unfamiliar) individual when they imagined acting jointly (e.g., cutting together the same branch

of a tree) compared to when they imagined acting in parallel (e.g. cutting separate branches of a



tree) (Schmitz & Reader, 2023). Building on this evidence, we might expect that the same pattern of
results holds also when the joint action consists in a written synchronous CMC. We hypothesize
that two interlocutors might experience a sense of physical-interpersonal closeness after having
conversed about a specific topic for a few minutes, as compared with the condition in which two
people are simply aware of their reciprocal presence on the social platform, without interacting.

Moreover, Lahnakoski et al. (2020) found that the stronger predictor of the quality of interaction
is the interpersonal distance between the interactors, with increased distance associated with lower
enjoyment. Thus, we reasoned that variables like perceived pleasantness, difficulty attributed to the
dialogue, intimacy, commitment, and self and other contributions to the conversation might all
affect the quality of the interaction, and consequently the interpersonal distance among the
interlocutors. As the body is not the privileged channel through which contents are conveyed in
written synchronous CMC, the quality of the interaction might depend on the topic of the
conversation and the pragmatic digital rules governing the exchange. Psychological interpersonal
closeness or how much Self and Other identities representations have in common might capture the
psychological closeness triggered by synchronous CMC. This is often measured using the Inclusion
of Other in Self — iOS— scale, developed by Aron and Aron (1992,1997). Some studies have
already exploited the iOS scale to measure interpersonal closeness after a social interaction (Miller
et al., 2019; Morrison et al., 2020). According to Aron and Aron (1997), the integration of what the
other shares takes the name of ‘self-expansion’ and corresponds to greater relationship satisfaction
and commitment. As we claimed above, in synchronous CMC, social signals in interpersonal
linguistic exchanges pass through the conversational content, and its chronometric (Walther &
Tidwell, 1995) and typographic cues (Walther & D’Addario, 2001).

In this regard, we hypothesize that the semantics of the conversational topic might somehow
serve a pragmatic role: depending on the discussed topic, the interlocutors might be involved in
different interpersonal dynamics resulting in a different degree of perceived closeness. Semantic
knowledge is stored through concepts. Concrete concepts, (e.g., “cat”, “chair”, “glass”), evoke
directly sensorimotor experiences, because they all point to an objectual reference and are easily
imaginable (Paivio, 1969). Abstract concepts (e.g., “justice”, “Interactivedom”, “peace”) (Borghi et
al., 2017, 2018 a,b, 2019 a,b; Dove 2021, 2022; Pexman et al., 2023), instead, typically lack of an
objectual reference, are ubiquitous (Lupyan & Winter, 2018) and are characterized by stronger
socio-linguistic components (Barsalou & Wiemer-Hasting, 2005). We can the meaning of abstract
concepts only when they share a socio-cultural sense-making background that provides

interpretative coordinates. Finally, they evoke more interoception and emotions (Connell, Lynott &



Banks, 2018; Vigliocco et al.,2014; Ponari, Norbury & Vigliocco 2018; Fingerhut & Prinz, 2018).
The Words as Social Tool theory (WAT, Borghi et al., 2014, 2017, 2018a,b, 2019a,b, 2022, 2023)
proposes that abstract concepts as compared with concrete ones, would be acquired and processed
more through social interactions (for theoretical views see, Fini et al., 2019, 2023a; Banks et al., in
press), as Fini, Era et al., (2021) tested by applying an interactive paradigm (Era et al., 2023;
Boukarras et al., 2021). In addition, a rating study has demonstrated that people perceive it as easier
to start a conversation with abstract as compared with concrete topic, supporting the idea that being
acquired through linguistic exchanges, abstract concepts would also better afford linguistic
interaction (Fini et al., 2023b). Importantly, the WAT theory proposes social metacognition —
asking the other’s help to complement the knowledge about which people feel uncertainty— as a
potential mechanism involved during both the acquisition and the processing of abstract concepts. If
this is the case, we would expect an intellectual negotiation, aimed to dispel a higher uncertainty, as
well as more interactive exchanges, to happen during conversations about abstract concepts (Villani
et al., 2022). We might conceptualize linguistic exchanges during conversation about abstract
topics, as coordinated goal-directed and bidirectional actions, where the goal consists of enriching
each other with reciprocal knowledge.

In light of this, we can expect that the interpersonal dynamics between the interlocutors might be
modulated by the conversational topic: abstract versus concrete. By recognizing the other’s
contribution, people may commit more to better coordinate with the interactor (Fini & Era, 2021)
and this might lead to a feeling of physical and psychological closeness. In the current study, we
developed a new interactive paradigm requiring conversations on online platforms. The experiment
included an interactive condition, in which participants conversed in dyads, and a noninteractive
condition, in which they wrote about concrete or abstract concepts by knowing that on the other
side of the screen there was a person doing the same and that, later, they would read what the other
had written. In the non-interactive condition, thus, participants knew that they were writing
contemporaneously to another person, and on the same content, but did not interact with each other.
After every conversation/verbal production, the psychological distance and the
physical/interpersonal closeness between the actors were measured. To measure the psychological
distance, we used the Inclusion of the Other in the Self (i0S) Scale (Aron et al., 1992). To measure
closeness, we used a Visual Analogue Scale (VAS), where the distance between two avatars
embodying the interlocutors could be adjusted and participants were asked to stop their own or the
partners’ avatar when they felt at ease with the reached interpersonal distance (Lisi et al., 2021).

Together with these measures, participants were asked to evaluate on a Visual Analogue Scale



(VAS) the Pleasantness, the Intimacy, the Perceived Difficulty experienced during the verbal
production, and the Self contribution, plus the Other contribution and the Commitment in the
experimental interactive condition (covariates). We expect an increased physical and psychological
closeness in the interactive compared with the non-interactive condition, in addition, we predict that
all the measured covariates might intervene to further modulate the effects. Regarding the
conversational topic, we hypothesize that starting to talk about abstract compared to concrete
concepts, might require more of the other’s contribution, and such conversational cooperative

attitude might result in an increased physical and interpersonal closeness among the interlocutors.

Experiment 1

Participants

Sixty-eight participants were recruited for the study. Five participants were excluded from the
Interactive task as outliers (see ‘data analysis’ section), so that the final sample included sixty-three
participants (25 males, 38 females, group average age = 25.84+5.28 years; group average years of
education = 15.71+2.8). The sample size was selected through a prospective power analysis
performed with the software More Power (Campbell and Thompson, 2012). We inserted as
expected effect size a large partial eta squared value (0.14) as observed in Soliman et al., 2015,
where it was tested whether interpersonal motor interactions increase self-other overlap. Our
analysis indicates that a within-subject design with one two-level factor, a power of 0.90 and a
partial eta squared of 0.14 requires a sample size of 68 participants. The experimental protocol was
approved by the ethics committee of the Department of Dynamic, Clinical Psychology and Health
Studies, Sapienza University of Rome (Prot. n. 0001040 16/11/2020), and was carried out in
accordance with the ethical standards of the 1964 Declaration of Helsinki and later amendments.
Participants gave their written informed consent to take part in the study and were naive as to the

purposes of the experiment.

Experimental task

Stimuli

The stimuli consisted of eight abstract (i.e., liberty, logic, challenge, mystery, future, ideal, fate,
enigma) and eight concrete concepts (i.e., alarm clock, crown, station, diamond, crystal, canoe,

muscle and bookcase). Abstract concepts were selected from the Italian database by Villani and



colleagues (2019); concrete concepts were instead extracted from Della Rosa et al. (2010) Italian
database. Abstract and concrete concepts were matched for some linguistic parameters, such as
Familiarity (e.g., Barca et al., 2010), based on the rating scores included in Della Rosa et al. (2010)
and Villani et al. (2019) databases (Concrete: M = 559, SD = 101.10; Abstract: M = 518, SD =
61.71; t(14) = 0.97, p = 0.22). Valence rating scores were obtained by asking two different groups
of 26 and 30 participants to evaluate on a 7-point Likert scale 35 abstract and 35 concrete concepts
each in terms of Valence. Evaluations were provided through the compilation of two online surveys
implemented on Google Moduli. The sample size for each survey was estimated in line with that of
previous works (i.e., a minimum of 20 participants - Falcinelli et al., submitted; Villani et al., 2019).
Then, 8 abstract and 8 concrete concepts not differing in their valence (Concrete: M = 4.01, SD=
0.6; Abstract: M = 4.25, SD = 0.86; t(14) = -0.63, p = 0.5) were selected.

Online Chat Task

Pairs of same-gender participants were asked to chat online for five minutes through the 1CQ
platform (https://icq.com/desktop/en?). Participants performed two main tasks, i.e. one interactive
and one noninteractive. In the interactive task, each participant was paired with another participant
to chat— by writing on the computer screen— about two abstract concepts, and then with a
different participant, to chat about two concrete concepts. The order of the chat topic
(abstract/concrete concepts, Category Factor) was counterbalanced across pairs. Before starting the
experiment, different experimenters took care of calling each participant, to guide him/her in
understanding the task procedure. Participants were required to switch off their mobile phone and to
close every window on their computer, but the ICQ platform. Moreover, participants were
instructed to chat about a specific topic assigned by the experiment, taking the turn at least two
times each, and writing at least two lines of text for each turn. The total amount of time given to
each pair to chat about a specific topic was 5 minutes. To promote a rich dialogue, participants were
told that the fluency and the relevance of their chat would have been evaluated. Participants were
not allowed to use emoticons while writing. Once on the ICQ platform, participants were
introduced to each other and started to chat.

In the non-interactive task, participants were instructed to write alone on the ICQ platform about a
specific topic assigned by the experimenter. As for the interactive task, participants had to write in
the chat at least two different sentences of two lines each. The total amount of time given to each
participant was 5 minutes. To promote a rich production, participants were told that the fluency and

the relevance of their writing would have been evaluated. Participants were not allowed to use



emoticons while writing. Once on the 1CQ platform, each participant was introduced to a fake
partner (played by the experimenter) and was told that the chat would not allow the person on the
other side to read what the other was writing. Indeed, while writing, participants received the
feedback “The other is writing...” from the platform page but did not see any text displayed. Thus,
participants were writing the text alone, however, they were induced to think that another person
was doing the same on the other side and that, at the end of the experiment, they would be allowed
to see what the other wrote. Each participant performed both the interactive and non-interactive
task, separated by a 2/8 weeks interval and their order was counterbalanced across participants. In
both the non- interactive and the interactive task, each participant chatted/wrote about two abstract
and two concrete concepts with two different other participants and, once half of the sample was
tested, two different abstract and concrete concepts were used as a topic, to increase stimuli
variability.

After each chat, participants answered to:

i) An interpersonal distance task (Lisi et al., 2021). The task allows measuring the physical
interpersonal closeness among interlocutors. A silhouette representing the participant was selected
based on each participant’s gender. The silhouettes were pictured in a standing position on a marker
at the left end of a line and facing the right end of the line. The virtual avatars were realized using
Make Human Community 1.2.0 (http://www.makehumancommunity.org); the pictures of the
avatars were taken using Unity v.2019.4.15f1 (https://unity.com). Participants were asked to
indicate a measure of passive and active distance. In the passive distance measurement, participants
were provided with the following instructions: “Imagine that you are the person on the left of the
line and that you cannot turn nor move. Then, imagine that the person you just chatted with,
depicted on the right side of the line, begins walking toward you. You should indicate how close
you would allow this person to approach you while still being comfortable with that distance. To
indicate where the other should stop, click on the horizontal line. Then, press ‘Next’ to proceed”. In
the active distance

measurement, participants were presented with the following instruction: “In another condition, you
will be asked to indicate how close you would get to the other person by imagining that you are
moving in the same horizontal line. Click to report where you would like to stop, while still being
comfortable with that distance. Then press ‘Next’ to proceed”.

i) The Inclusion of Other in Self (i0S) Scale (Aron & Aron, 1992), aimed at measuring
psychological closeness among interlocutors. In the scale, participants are presented with a single

item, where six configurations are displayed. In each configuration, two circles, representing the



Self and the Other, are positioned at an increasing smaller distance, until they overlap. Participants
are asked to indicate which configuration best represented their perceived relationship with the
person they just chatted with.

iii) Different VAS scales, ranging from 0-100, regarding some aspects of the previous experience of
chatting: the perceived Other contribution, the Self contribution (only for the Interactive task), the
degree of Intimacy, the Difficulty, the Commitment, and the Pleasantness of the chat.

@ ICQ ONLINE CHAT

Interactive/NoninteractiveConditions

Non- Interactive

E] Tnteractive =~ Inclusion of the Other

=) in the Self
In two weeks a 10S Scale (Aron & Aron, 1992
distance
FON (FGENG FTRE Hre

Interpersonal Distance Task
“Press where you/you want the other to stop”
VAS

On the perceived Self/Other contribution,
the degree of Intimacy, the Difficulty, the
Commitment, and the Pleasantness

~

Figure 1. Timeline of the experimental procedure. Participants were asked to chat contemporaneously with another
person (interactive condition), or to individually write (non-interactive condition ) about an abstract or concrete topic.
After each chat, participants were asked to choose the most representative configuration of the Inclusion of Other in
Self (i0OS) Scale, to perform the interpersonal distance task and some VAS scales regarding the perceived Other
contribution, the Self contribution (only for the Interactive task), the Intimacy, the Difficulty, the Commitment and the
Pleasantness of the previous chat.

Data availability
All data and analysis code is available under the following publicly accessible Open Science
Framework repository: https://osf.io/m39br/

Data analysis


https://osf.io/m39br/

Data were analyzed through R (version 4.1.1 - R-Core Team, 2019) in RStudio (version 4.3.1).
‘Tidyverse’ (version 1.3.2 - Wickham et al., 2019) R’s package was used for data processing and
visualization . For creating multi-plot arrays, we used ‘patchwork’ (version 1.1.1 - Pedersen, 2020)
and ‘gridExtra’ (version 2.3 - Auguie, 2017) R’s packages. ‘Joy’ or ‘ridge’ graphs were plotted with
‘ggridges’ (version 0.5.3 - Wilke, 2021) R’s package. Finally, Bayesian generalized linear mixed
effects models were fitted using ‘brms’ (version 2.16.2 - Biirkner, 2017) R’s package. Before
analysing the data, we first assessed whether the closeness ratings differed between the ‘active’ and
‘passive’ questions. A simple Spearman’s rho correlation showed that the two were highly
correlated (rho = 0.92), which made us choose to combine the two types of questions into a singular
‘closeness’ variable by taking the average. A total of 8 participants (80 data points, 7.4% of the total
data) were excluded from all further analysis, based on the criterion that they were below or above
2 standard deviations from the sampled average in the physical/interpersonal distance.

Our main analysis focuses on two dependent variables: 10S and interpersonal closeness. For all
models where the dependent variable is the Inclusion of Other in Self (i0S) Scale, which is ordinal
with six scale points, we use a mixed ordinal logistic regression, specifically, cumulative link
models (Burkner & Vuorre, 2019) with logit link function. For all models where the dependent
variable is “closeness,” which is a visual analogue scale bounded by [0, 1], we used mixed beta
regression with mean/phi parametrization. The beta distribution is commonly used for dependent
variables that are continuous but bounded to a finite range, such as proportions and percentages.
Our first analyses are targeted at assessing the 10S scale. In a first analysis, we regress all
covariates (pleasantness, commitment, intimacy, difficulty, self-contribution, other-contribution)
onto 10S in an ordinal logistic regression model with random intercepts for participants and items
and by-participant varying slopes for all covariates. This analysis was repeated for the interpersonal
closeness measure (mixed beta regression, random effects structure the same). These analyses also
informed our choices about which covariates to include in the main model. We then assessed
whether closeness and 10S differ as a function of condition (interactive versus non-interactive). For
both of these variables, models contain the critical fixed effects “condition” and no other fixed
effects. The random effects are: subjects and items, with both random intercepts and random slopes
for the condition effect. The main two models were 10S (cumulative ordinal) or interpersonal
closeness (beta) regressed onto the fixed effects ‘concept category’ (abstract versus concrete), the
continuous covariate ‘other contribution’ (centered), as well as their interaction, ‘category * other’s
contribution.” We centered the continuous other contribution covariate to more easily interpret the

abstract versus concrete category effect (at the mean of 10S). We decided to leave the default



treatment coding system for ‘category’ (0 = abstract, +1 = concrete) as we are not specifically
interested in a main effect of the Inclusion of Other in Self scale. Random effects included random
intercepts for participants and items, as well as by participant varying slopes for all fixed effects,
and by-item varying slopes for category. As discussed in the results section, the fact that abstract
concepts also showed a trend to lead to slightly more difficult interactions made us decide to
include this as an additional covariate, which is the final model we used. We used default priors
assigned by brms, which are reported in the Open Science Framework repository
(https://osf.io/m39br/).

Importantly, this involves flat priors on beta coefficients, in close analogy to a corresponding
frequentist model. All models were fitted with Markov Chain Monte Carlo, with 4 chains 3,000
iterations used for posterior sampling (3,000 warm-up samples were discarded). All models
converged adequately (all Rhat = 1.0, all ESS > 1,000). We performed posterior predictive
simulations (100 draws) to assess whether our models could plausibly have generated the data,
which was the case for almost all models, except for a few models showing minor deviations

between the simulated and raw data.

Results

Covariates

Before looking at any condition and concept differences, we will explore how the covariates behave
with respect to each other, followed by how all covariates behave with respect to the iOS scale and
interpersonal closeness. Table 1 shows Pearson's correlations between all covariates. The highest
correlation was between ‘self-contribution’ and ‘other-contribution’ (r = .67), followed by ‘self-
contribution’ and ‘commitment’ (r = .65), and ‘other-contribution’ and ‘pleasantness’ (r = .57). The
‘difficulty’ variable was either not correlated with any of the other variables, or negatively
correlated, specifically, with ‘pleasantness’ (r = -.29), and more weakly so, with ‘intimacy’ (r = -
14).

Table 1. Pearson’s correlations between all the covariates, i.e., Pleasantness, Commitment, Intimacy, Difficulty, Self-
Contribution and Other-Contribution



Pleasantness commitment intimacy  difficulty  self-contribution other-contribution

pleasantness A48 A7 -29 A3 57
commitment 45 00 65 47
intimacy -.14 47 41
difficulty 01 01
self~contribution 67
other-contribution

Figure 2 illustrates the distribution of each covariate for all levels of iOS. The figure shows that
pleasantness (top left) differed greatly as a function of iOS. The highest iOS scale point had a
pleasantness rating (M = 88.0) that was 79% higher than the lowest point (M = 49.2). For
commitment (top middle), the differences were much less pronounced, with the highest iOS scale
point having a commitment rating of M = 87.2, compared to only M = 71.0 for the lowest value.
Intimacy on the other hand differed more strongly as a function of iOS, and also showed
considerably more spread than the other two variables considered so far (top right). The highest iOS
scale point had an average intimacy of M = 84.4; the lowest one of M = 59.3).
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Figure 2. ‘Ridge plots’ showing how all six covariates differ for different levels of the Inclusion of Other Scale (IOS).



The highest 10S scale point was associated with the lowest difficulty level (M = 3.98), and the
lowest 10S scale point was associated with the highest difficulty level (M = 68.4). A look at Figure
1 (bottom left) reveals a noteworthy pattern however: difficulty only differed starkly for the first
and last iOS scale points, with less stark differences for the intermediate levels (2-5), and
considerable spread. Either way, these results show that interactions judged to be difficult lead to
lower feelings of other-inclusion. For the highest iOS scale point, self-contribution scores (M =
86.1) were somewhat higher than the lowest 10S scale point (M = 69.3), although this pattern was
not very pronounced (Figure 2, bottom middle). The other-contribution scores (Figure 2, bottom
right) were also higher for the highest iOS scale point (M = 83.0) than the lowest one (M = 66.6),
with a similar spread than the self-contribution covariate. To assess uncertainty with respect to the
patterns seen in Figure 3, all covariates were regressed onto the iOS scale (with by-participant-
varying random slopes for all covariates and word random intercepts). The ordinal logistic
regression model revealed that pleasantness most strongly affected 10S (logit coefficient = +0.10,
SE =0.02), with a 95% credible interval of this coefficient which was far away from zero: [0.07,
0.14]. The posterior probability of this effect being of the same sign was p = 1.0 (that is, every
single posterior sample indicated an effect of the same sign). This means that given this model,
data, and priors, there is little uncertainty about pleasantness being positively associated with iOS.
The only two other variables for which there was relatively little uncertainty included intimacy and
difficulty. Intimacy was positively associated with iOS (+0.02, SE = 0.01, 95% credible interval:
[0.00, 0.04]), with a posterior probability of p = .97 of the coefficient having the same sign.
Difficulty was negatively associated with iOS (-0.02, SE = 0.01, [-0.04, 0.00]), with a posterior
probability of p = .96 of being of the same sign. Thus, higher pleasantness and intimacy, but lower
difficulty, is associated with higher Inclusion of Other in Self (i0S) values.

We repeated the same analysis for our second dependent variable, interpersonal closeness, which
we regressed onto the same covariates (see Figure 3). A similar set of covariates were associated
with low uncertainty. Pleasantness was positively associated with interpersonal closeness (+0.01,
SE < 0.01, [0.01, 0.02]), with a very high posterior probability of this coefficient being of the same
sign, p=1. Difficulty was negatively associated interpersonal closeness (-0.01, SE < 0.01, [-0.01,
0]), with a very high posterior probability of being negative, p=.99. In contrast to the iOS model,

however, there was no indication of an effect of intimacy on interpersonal closeness, with the



coefficient firmly centered on zero (+0.0, SE < 0.01, [0, 0]), and a posterior probability of the effect
being of the same sign that was not informative, p = 0.53.
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Figure 3. ‘Regression plots’ showing how all six covariates differ for different levels of interpersonal closeness (VAS).

Effects of interactive versus non-interactive condition

In this section, we assess how iOS and interpersonal closeness depend on the difference between
interactive and the non-interactive condition. Participants felt closer to their partner in the
interactive condition (M = 80.0) than in the non-interactive condition (M = 65.5), as shown in
Figure 4, Panel a). The mixed beta regression analysis indicates a positive effect of the interactive
condition on interpersonal closeness (logit coefficient = +0.72, SE = 0.12) for which the 95%
credible interval is far away from zero: [0.48, 0.97]. Given the model and this data, the posterior
probability of the interactive condition leading to a positive effect on interpersonal closeness is p =
1.0 (the entire posterior distribution lies above zero, with not a single sample indicating an effect of

opposite sign).



a) Closeness by condition b) Inclusion-of-other scale by condition
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Figure 4. Panel a) Distribution of interpersonal closeness values (Visual Analog Scale). Panel b) 10S values as
afunction of condition.

Participants also gave higher iOS score ratings in the interactive condition (M = 3.37) than the non-
interactive condition (M = 1.95)( as shown in Figure 4, Panel b). The mixed ordinal regression
analysis indicates a positive effect (+4.22, SE = 0.48) with a 95% credible interval far away from
zero: [3.32, 5.18]. Given the model and this data, the posterior probability of this coefficient being
of the same sign was also p = 1.0

Effects of abstract versus concrete concepts in the interactive condition only

Before advancing to the main model, we assessed the influence of abstract versus concrete concepts
on perceived difficulty. Abstract concepts are perceived to lead to more difficult conversations (M =
36.6) than concrete concepts (M = 32.6) (see Figure 5). A mixed beta regression analysis on
difficulty as the dependent measure indicates a positive effect of abstractness on perceived
difficulty (logit coefficient = +0.07, SE =0.23), with a 95% credible interval that is clearly lopsided
towards higher values [-0.34, +0.47], but that also clearly includes zero. The posterior probability of
abstract concepts leading to higher difficulty ratings is p =0.63. This means that although there is a
numerical trend, given the model and the data, it is quite plausible that abstract concepts could also
not increase perceived difficulty. Nonetheless, due to the numerical trend and the concern that
people may only feel the need to depend on others because abstract concepts are more difficult, we
decided to include difficulty as a covariate to see whether abstract concepts lead to higher iOS(or
perceived closeness) even when controlling for difficulty. It should be stated, however, that the

results reported below hold regardless of whether difficulty is or is not included as a covariate.



0.020 1

0.0151

% concrete concepts
e« 0010
()
(=]
abstract concepts
0.005
0.000

25 50 75

Difficulty

Figure 5. Distribution of difficulty ratings between concrete and abstract concepts.

Next, we assess our hypothesis, which is that there is an interaction between abstract concepts and
the other contribution scale with respect to iOS score. Figure 6 displays this complex relationship
via binning the other contribution variable into four equal-sized groups, with separate averages for
concrete and abstract concepts. The standard errors are simple standard errors of the mean, which
only serve heuristic value and do not correspond to our analysis (Politzer-Ahles & Piccinini, 2018).
To explore this relationship descriptively, we can perform a Median Split on the other contribution
variable. For the high other-contribution set, abstract concepts had an average 10S of M = 3.46
compared to M = 3.40 for concrete. This pattern was reversed for the low other-contribution set, for

which concrete concepts had a higher average 10S of M =3.38 than abstract concepts M = 3.22.
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Figure 6. To visualize the descriptive pattern, the other contribution variable was split into four equal-sized bins; the
error bars represent 95% confidence intervals of the mean within each category.

The ordinal mixed model analysis revealed an interaction between category (abstract versus
concrete) and other-contribution with respect to the I0S dependent variable, with a positive
coefficient (+0.06, SE = 0.03)indicating that for higher other contribution values, specifically
abstract concepts, led participant to respond with higher iOS values. This coefficient was close to,
but did not include zero, with a 95% credible interval:[0.01, 0.11]. The posterior probability of the
coefficient being positive was high, p = .99. However, given the small effect size suggested by the
descriptive averages and the pattern seen in Figure 6, we decided to also compare the model with
the interaction against the null model without the interaction using Bayes factors, which yielded BF
= 0.6 1, which is at most anecdotal evidence for the alternative model against the null model. R2
values of the model with the interaction were 1.2% higher than the model without the interaction,
and the 95% credible intervals of these R2 values overlapped, which suggests that it is plausible that
the interaction does not explain the variance. This model also includes difficulty as a covariate.
There was no main effect of concept type (abstract versus concrete) on iOS, with only a numerical
trend for abstract concepts leading to lower iOS scores (logit coefficient = -0.04, SE = 0.01, 95%
Crl [-0.06, -0.02]). The posterior probability of this effect being of the same sign was 0.91. There
was also no indication of a strong main effect of abstract concepts on iOS (-0.21, SE = 0.52, Crl [-
1.26, 0.81]), with the posterior probability of this effect being positive, p = .67. The other main
dependent variable, physical-interpersonal closeness, also did not yield strong evidence for an
interaction between other contribution and concept category (logit estimate = 0.01, SE < 0.005, Cr

[0.00, 0.02]), although a clear trend. The posterior probability of the interaction coefficient being



positive was p = .94. There was similarly no sign of any main effects, with the coefficient firmly
included zero (-0.05, SE = 0.10, 95% Crl: [-0.25, +0.15])

Interim Discussion Experiment 1

Experiment 1 shows that participants feel psychologically and physically closer during the
interactive than the non-interactive condition. The results align with previous literature (Aron et al.,
1997; Candini et al., 2017; Gessaroli, Santelli, di Pellegrino, & Frassinetti, 2013; Schmitz et al.,
2023), and confirm the value of collaborative exchanges, like an online written synchronous CMC,
in modulating the perceived interpersonal space and the perceived overlapping between self-other
representations (Aron, Aron & Smollan, 1992;Shafaei et al., 2020). When interacting with a new
person through a social platform, individuals engage in an inferential process to predict the other’s
identity, personality, opinions, values, based on conversational content and emotional cues. This
interpersonal inferential mechanism seems to be sufficient to allow the establishment of a
connection in humans (Aron et al., 1997), expressed by a sense of closeness both at a psychological
and embodied-physical level. In addition, results show that linguistic interactions promote a sense
of closeness already after five minutes of written synchronous CMC. Interestingly, the
psychological closeness increased proportionally with the perception of how pleasant and intimate
the exchange was perceived and decreased proportionally with how difficult the same was
perceived. The perceived difficulty refers to the challenge of co-building a productive and
coordinated new dialogical experience grounded on similar/different perspectives about the
conversational topic. The more a dialogue appears difficult, the more people implicitly experience a
sort of impasse or communicative failure regarding conceptual negotiation, self-disclosure, and
autobiographical expressions, all of which impact the richness of the interaction. Interpersonal
distance (Lisi et al., 2021; Fini et al., 2021), which is a more embodied and physical measure and
concerns the imagined comfort zone of another person, has been found to be modulated by
pleasantness and perceived difficulty, following a similar pattern as the 10S scale. Previous
research demonstrated that the pleasantness of an interaction predicts the interpersonal distance
between two interactors (Lahnakoski et al., 2020) and that interpersonal distance is modified by the
quality of the social interaction and by positive/collaborative experiences (Candini et al.,2017;
Gessaroli, Santelli, di Pellegrino, & Frassinetti, 2013). Finally, regarding the abstract/concrete topic
of the conversation, Experiment 1 did not yield conclusive evidence for the hypothesis that abstract

concepts, requiring more the other’s contribution, lead to an increased closeness. However, we only



sampled eight concrete and eight abstract concepts, which, given the diversity of abstract concepts
(Muraki et al., 2020; Villani et al., 2019), could mean that we have dealt with a specific sample. We
therefore decided to sample a larger variety of concepts in Experiment 2, as well as improve the
precision of our inferences by also sampling a larger group of participants. Experiment 2 also
improves on Experiment 1 by performing a subgroup analysis (Villani et al., 2019) for specific

types of abstract concepts

Experiment 2

Experiment 1 provides anecdotal evidence about the hypothesis that the more actors perceive
interlocutors' contribution to a conversation about abstract topics, the more psychologically close to
the interlocutors they feel. The current study expands the previous one, by exploring whether
conversing about different kinds of abstract concepts (Philosophical/Spiritual (PS), Inner/Emotional
(EM), Self/Sociality (SS), and Physical/Spatio-Temporal/Quantitative (PSTQ), see Villani et al.,
2019) might differently modulate psychological and physical/interpersonal closeness. The
experimental paradigm is identical to the one of the study described above, except for the fact that
the present one included only the interactive experimental condition. In this regard, a recent study
has shown that during simulations of conversational exchanges, in which participants responded to
sentences involving different sub-kinds of concrete (i.e., Tools, Animals, Food) and abstract
concepts (i.e., Philosophical/Spiritual, Inner/Emotional, Self/Sociality, and Physical/Spatio-
Temporal/Quantitative), the content of the verbal production changed (Villani et al.,
2022).Specifically, abstract concepts generated higher uncertainty and more interactive exchanges
than concrete ones. Along with these results, our aim here was to better explore how prompting
conversations with concepts of different nature might affect the sense of closeness between the
interlocutors. As declared in the preregistration, we expect to find that the higher a participant rates
the Other Contribution to the conversation, the higher is the interpersonal closeness between the
interlocutors, particularly with abstract concepts, but not with concrete ones. Moreover, we expect
to find that the Other Contribution will impact the psychological/physical interpersonal closeness
depending on the sub kind of abstract concepts. Experiment 2 sampled a wider range of concepts
from different subgroups of abstract concepts. Moreover, given indications of a weak effect in

Experiment 1, we increased our sample size based on a power analysis.

Pre-registration



Experiment 2 hypotheses, methods, and analyses were formally pre-registered
(https://ost.io/lynuew). As declared in the preregistration, here we aim to provide stronger evidence
about the trend found in Experimentl —the more actors perceive interlocutors' contribution to a
conversation about abstract topics, the more psychologically close to the interlocutors they feel—
and to explore the modulation of I0OS and interpersonal-physical distance by different sub clusters
of abstract concepts. We have to clarify that, although in the preregistration we declared that for
data analysis it would have been adopted a frequentist approach by applying Linear Mixed Model
(LMM) with the maximal random structure, considering that many models were not converging, we

decided to shift to a Bayesian approach.

Participants

One-hundred and thirty-six participants were recruited for the study. Six participants were excluded
from the Interactive task as outliers (see ‘data analysis’ section), so that the final sample included
one hundred and thirty participants (60 males, 77 females, group average age = 25 years; group
average years of education =16). The sample size of 130 participants is based on a power analysis
conducted with the software MorePower 6.0.4 (Campbell & Thompson, 2012) for a five level, one
factor within participants design. The analysis indicates that the sample size is adequate for
detecting a small to moderate effect size np2 = .035,with a power of .95 and an alpha level (two-
sides) of .05. The experimental protocol was approved by the ethics committee of the Department
of Dynamic, Clinical Psychology and Health Studies, Sapienza University of Rome (Prot. n.
0001040 16/11/2020), and was carried out in accordance with the ethical standards of the 1964
Declaration of Helsinki and later amendments. Participants gave their written informed consent to
take part in the study and were naive as to the purpose of the experiment.

Stimuli

The stimuli consisted of sixteen abstract (Beginning, Thrill, Competition, Sum, Enigma, Fame,
Cause, Trend, Discovery, Oath, Habit, Attention, Trick, Tale, Silence, Pride) and sixteen concrete
concepts(Fisherman, Mirror, Bookcase, Pumpkin, Tailor, Uniform, Oak, Tourist, Aeroplane, Cock,
Table, Bottle, Notebook, Pot, Cactus, Salad). Abstract concepts were selected from the Italian
database by Villani and colleagues (2019); concrete concepts were instead extracted from Della
Rosa et al.’s (2010) and Montefinese et al.’s (2014) Italian databases. These stimuli were selected
through a previous validation survey in which112 participants, divided in four groups, were asked

to evaluate on a 7-point Likert scale, 149 abstract and157 concrete concepts (divided in four



different surveys) in terms of valence. Concrete concepts were divided a posteriori in two macro
categories: “organic” and “inorganic” and we performed a Linear Mixed Model featuring as fixed
factor Subclusters (concrete organic, concrete inorganic, Philosophical-Spiritual, Inner/Emotional,
Self/Sociality, and Physical/Spatio-Temporal/quantitative), as dependent variable Valence ratings
and as random intercepts Participants and Words. The model did not yield a significant effect of
Subcluster, F(4, 24.53) = 0.6068 , p = .662), showing that subclusters did not differ among each

other.

Online Chat Task
The experimental procedure was the same as Experiment 1, with the only difference that here there

was only the Interactive condition

Statistical analysis

The statistical analysis for Experiment 2 largely mirrored that of Experiment 1. One noteworthy
change is that we additionally performed a subgroup analysis on the abstract concepts only, looking
at differences between the four subclusters of abstract concepts. All models include perceived

difficulty as a covariate

Results

Covariate analysis

Table 2 shows Pearson's correlations between all covariates. The highest correlation was between
‘self-contribution’ and ‘other-contribution,’ as well as between ‘commitment’ and ‘self-contribution
(both: r =0.64). Following this, the next highest correlations were obtained between ‘pleasantness’
and ‘other-contribution’ (r = 0.59) and ‘pleasantness’ and ‘self-contribution’ (r = 0.45). As was the
case with Experiment 1, the ‘difficulty’ variable was negatively correlated with ‘pleasantness’ (r = -

0.37), as well as more weakly so with all the other variables.

Table 2. Pearson’s correlations between all the covariates, i.e., Pleasantness, Commitment, Intimacy, Difficulty, Self-
Contribution and Other-Contribution.



pleasantness commitment  intimacy  difficulty  self-contribution  other-contribution

pleasantness 0.54 0.53 -0.37 045 0.59
commitment 0.53 -0.18 0.64 0.54
intimacy -0.23 0.44 0.43
difficulty -0.21 -0.19
self-contribution 0.64
other-contribution

The overall pattern of how these covariates behaved with respect to iOS was similar to
Experimentl, as shown in Figure 7, A mixed logistic ordinal model with iOS regressed onto all
covariates showed a positive effect of pleasantness (logit coefficient = 0.09, SE = 0.01), with a 95%
credible interval far away from zero, [0.08, 0.11], that was associated with a high posterior
probability of being positive p = 1.0. On top of this, intimacy was positively associated with 10S
(+0.01, SE < 0.05, 95% Crl: [0.00, 0.92], p > 0 = .98), and difficulty was negatively associated with
i0OS (-0.01, SE < 0.005, 95% Crl: [-0.02, 0.00], p < 0 = .99).Similar results were obtained for

interpersonal closeness in Figure 8.

108
(Inclusion of other scale)

10S
(Inclusion of other scale)

TR RET R

v " (! A &0 &0 10X ! s o a0 -
Difficulty Self contribution Other contribution



Figure 7. ‘Ridge plots’ showing how all six covariates differ for different levels of the Inclusion of Other Scale (IOS).
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Figure 8. ‘Regression plots’ showing how all six covariates differ for different levels of interpersonal closeness (VAS).

The main hypothesis, an interaction between category and Other-contribution on iOS, was not

confirmed. Figure 9 provides a visualization of the absence of an interaction between other

contribution (x-axis) and concept category (separate lines).
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Figure 9. To visualize the descriptive pattern, the other contribution variable was split into four equal-sized bins; the
error bars represent 95% confidence intervals of the mean within each category.

For the mixed logistic ordinal model, the coefficient of the interaction was 0.0, with a 95% credible
interval cantered on zero: [-0.02, +0.03]. The Bayes factor comparing the model with the interaction
against the model without the interaction indicated support for the null hypothesis BF = 0.07. The
two models were also equivalent in R2. Figure 9 shows that in the Experiment 2, there was a clear
trend with higher other contribution values leading to higher iOS values. This was reflected in the
model in a positive coefficient of other contribution (+0.06, SE = 0.01), with a 95% credible
interval far away from zero: [0.04, 0.08], posterior probability of being positive p>0=1.0. The
difficulty covariate was also negatively associated with iOS (-0.03, SE < 0.005), with a 95%
credible interval that did not overlap with zero, [-0.04, -0.02], and a high posterior probability of
being negative p<0=1.0. As was the case in Experiment 1, there was no indication of a main effect
of concept category (+0.02, SE = 0.22), with a 95% credible interval firmly entered at zero: [-0.40,
+0.45], p>0 = 0.55). Similar results were obtained for the model with interpersonal closeness as a
main dependent measure, as well as with interactions with concept category and self-contribution
on either 10S or interpersonal closeness (all posterior probabilities of the interaction coefficient
being of the same sign 0.20-0.80). Zooming in to the subgroups of abstract concepts, the pattern
was similar, in that there was no indication of any interaction effects for other contribution for any
of the four subgroups of abstract concepts. All coefficients were close to zero (between -0.01 and
+0.01) and associated with large standard errors (SE = 0.02-0.03) and 95% credible intervals firmly

centered on zero. Posterior probabilities of coefficients of the interaction coefficients being of the



same sign ranged from 0.56 to 0.7, indicating that there was no compelling indication for any
coefficient reliably excluding zero. The same was the case for the mixed beta regression model with
interpersonal closeness as a dependent variable, where posterior probabilities of the interaction
coefficients being of the same sign ranged from 0.64 to 0.71, all within the range of probabilities
that do not firmly exclude zero. The same was the case when interactions were entered with self-
contribution rather than other contribution, for iOS as a dependent measure (posterior probabilities
of interaction coefficients being of the same sign = 0.55-0.79) and interpersonal closeness as

dependent measure (posterior probabilities = 0.67-0.85).

Interim Discussion Experiment 2

Contrary to our expectations, results of Experiment 2 suggest that psychological closeness (10S)
does not depend on the degree of abstractness of the conversational topic regardless of which
subgroup of abstract concepts was considered. The same theoretical conclusions are furthermore
obtained if we use a measure of interpersonal closeness. The Words as Social Tool (WAT) theory
hypothesizes that abstract concepts ,compared with concrete ones, are acquired through socio-
linguistic interactions, which might represent the scaffolding for abstract concepts acquisition. We
then hypothesized that the necessity to reduce the uncertainty and to negotiate the meaning (see
Mazzuca et al., 2022; Mazzuca & Santarelli, 2022; Villani et al., 2022) might impact interpersonal
dynamics. Our results, however, do not provide compelling evidence about the involvement of
abstractness degree in interpersonal dynamics (e.g., 10S and interpersonal closeness).

he reason for this lack of significant results may be different. The first one is that we did not
actually look into the conversations- this work will be the object of follow-up study - thus we do not
know whether the body of the conversation prompted by an abstract as compared with a concrete
one, holds also a more abstract level. Second, we did not apply any manipulations to control the
abstractness level of conversation, for example stressing a common and “cultural” goal to achieve,
which might ask for a deep understanding of conversational topics and thus prompt less
Interactive/spontaneous and more learning-cantered interactions. Third, to allow the realization of a
similar subtle interactive process the written synchronous CMC should have lasted more than five
minutes; this may have helped to potentiate eventual discussions, negotiation and opinions
exchanges and would have been consistently expressed by the sense of closeness as a function of
the conversational topic. Nevertheless, in Experiment 2 it emerges that, regardless of the
abstractness degree, the more participants considered as important the other’s contribution to the

conversation, the more they perceived themselves as psychologically and physically close to the



other interlocutor. In other words, recognizing that the other plays a crucial role in linguistic
exchanges leads to perceiving them as closer both psychologically and physical level. Finally, the
same results identified in Experiment 1 are replicated also in Experiment 2: the psychological
closeness increased proportionally with the perception of how pleasant and intimate the exchange

was perceived, and decreased proportionally with how difficult it was perceived.

3.2.2. General Discussion

Digital connection and sense of closeness

In two experiments, we showed that online interactive written chats, lasting less than five minutes,
are sufficient to increase the interpersonal-psychological and physical closeness between two
interlocutors. We asked dyads to chat about a specific topic with another individual (interactive
condition), or to write about the same topic through a social network (ICQ), knowing that on the
other side of the screen, another person was doing the same and that she/he would have read the text
later (non-interactive condition). In the interactive condition, participants felt both psychologically
and physically closer than in the non-interactive condition. Our results shed light on the powerful
effects of brief on-line written conversations in modulating the sense of closeness between two
interlocutors. In the last twenty years, communicating has become more than ever a virtual practice.
Such an innovative modality to stay in relation with others largely impacted our socio-emotional
sphere and started a deep process of transformation of our mental interpersonal representations. A
bunch of research has already been conducted on how CMC technology allows easy interaction and
has the power to recalibrate the psychological distance— as it is intended by the Construal-level-
theory (Trope, Liberman & Stephan 2007) —among remote interactors (Oh, Curley, &
Subramani,2008; Norman, Tjomsland, & Huegel, 2016; see also Wilson 2005). Thinking about a
person as spatially distant leads people to think of them as socially distant (Liberman, Trope, &
Stephan, 2007). People who talk over large spatial distances treat each other with greater formality,
less familiarity, and act less cooperatively than people talking over short distances (Bradner &
Mark, 2002; Stephan, Liberman, & Trope, 2010, 2011).1t is known that mediated communication
shapes perceptions of spatial distance (Andrade, 2014; Won et al.,2018) and promotes the so-called
“death of distance” phenomena (Cairncross 2001): by bridging physical distance, mediated
communication can decrease social distance (Oh, Curley, & Subramani, 2008, see also Wilson
2005). Not only do technological devices tout court allow cancelling the distance among the

interactors, but also the interaction style itself might contribute to enhancing the sense of closeness:



in order to compensate for the absence of non-verbal language, CMC interactors are more direct
and allow more intimate uncertainty reduction behaviours than face to face interactors (Tidwell &
Walther, 2002). Within the umbrella term of Computer Mediated Communication (CMC), we
focused on exchanges composed of a few turn-takings, in other words on instant messaging (IM)
and on its short-term effects on interpersonal distance. Specifically, here we examined the
perception of interpersonal distances among the interactors. The psychological interpersonal
distance refers to the degree of perceived overlap between the self and other mental representation
(Inclusion of other in self-scale, iOS, Aron & Aron, 1992) and the physical interpersonal distance
(measured through a Visual Analogue Scale-VAS- scale) refers to the representation of an
hypothetical comfort spatial space between the self and the other. While iOS can be conceptualized
as less embodied and a more emotional measure, the physical-interpersonal distance is an embodied
measure, linked to the representation of the shared social space (Hall, 1966; Bzdok & Dunbar,
2020). Both measures indicate that when two individuals chat in an “aspatial context”, like an on-
line written chat, they represent themselves as closer compared to when they know about their
reciprocal presence and write synchronously about the same topic, knowing that the other will read
the text later. Thus, online interactivity (see Norman, Tjomsland, & Huegel, 2016) and participating
in a dialogue appear to determine an increased sense of closeness. Importantly, conversing about a
topic is a form of joint action (Clark, 1996; Garrod & Pickering, 2004) and requires a collaborative
attitude to lead the exchange towards accomplishing the shared goal: building together a new and
rich discourse. If we conceptualize the conversation, including the CMC written synchronous
exchanges, as a collaborative task, our results extend to a virtual environment what has been already
found during interpersonal sensorimotor interactions: imaging to collaborate on a common task
increases interpersonal closeness between the interactors more than performing parallel actions
(Schmitz &Reader, 2023). Importantly, studies highlighted that increases in physical distance
between individuals and groups are inversely linked to factors such as interpersonal liking,
enjoyment, and communication frequency(Wilson et al. 2005), similarly, the pleasantness of
interaction predicted the interpersonal distance among the interactors in a joint action task
(Lahnakoski et al., 2020). In keeping with this evidence, we found that the more the conversation
was considered as pleasant, the more people felt psychologically and physically closer to the
interlocutor. Moreover, the more the conversation was considered as intimate in experiment 1, the
more interlocutors felt psychologically closer, while, in experiment 2 they felt both physically and
psychologically closer. Intimacy (Argyle and Dean 1965) is related to physical proximity and the

topic of conversation, and it is associated with self-disclosure. It is already known in the literature



that mediated communication can even lead to greater intimacy than face-to-face communication
(Walther, 1996); for example, Bazarova (2012) demonstrated that private disclosure prompted
greater inferences of relational intimacy during on-line chats. There is evidence that, as compared
with face-to-face conversations, synchronous CMC might provide a unique context to compensate
for the absence of nonverbal cues, as well as identity cues. According to the hyper personal
perspective of CMC, these factors can contribute to the enactment of more intimate exchanges
compared to their face-to-face counterparts (see the hyper personal perspective of CMC, Tidwell &
Walther, 2002). We also found that the more a conversation was perceived as difficult, the more the
interpersonal distance between the interlocutors increased. Evaluating a dialogue as difficult, entails
admitting that any collaborative efforts to produce a common knowledge did not succeed and
probably points to the failure of the linguistic exchange, explaining, thus, the increases in
interpersonal distance between the interlocutors, both physically and physiologically. In experiment
2, also another relevant result has been highlighted: the more participants thought that the other
interlocutors contributed to the conversation, the more they felt psychologically and physically
close to them. Recognizing that the other person has actively participated in the dialogue, modulates
interpersonal closeness and suggests the role of the spontaneous attribution of merit in reaching a
shared goal: co-building knowledge can improve interpersonal closeness. Regarding the main pre-
registered hypothesis of Experiment 2, that the abstractness of the topics might modulate both the
psychological and physical closeness, we did not provide conclusive evidence. The Words as Social
tool—WAT— theory proposes that language and social interaction are more crucial to learning
abstract concepts and that, due to their indeterminate meaning, abstract concepts promote social
exchange and negotiation more than concrete concepts (Borghi et al., 2018 a,b, 2022; Fini &
Borghi, 2019; Fini & Era,2021). Starting a conversation with an abstract concept might have
produced higher levels of negotiation and inferential process about the other’s perspective, and
consequently, an increased collaborative attitude permeating the dialogue, leading to interpersonal
proximity. Experiment 1 provided inconclusive evidence for the role of abstract concepts in leading
to higher judgments of other-inclusion, as a function of how much participants recognized the
other’s contribution to the conversation, but a numerical trend in that direction. In Experiment 2 we
did not replicate the trend identified in Experiment 1 and we did not find a specific involvement of

different subclusters of abstract concepts sampled from Villani et al., (2019).

Implications for abstractness



The results have many implications for theories on abstractness. In particular, they are very
informative for theories according to which social interaction plays a major role for abstract
concepts, such as the WAT theory. The WAT theory is a relatively new proposal. One of its central
tenets (for details, Borghi et al., 2023) concerns social interaction's role during conceptual
acquisition and processing. Because of the unique character of abstract concepts, particularly the
fact that they collect heterogeneous exemplars, hardly imageable and not perceptually similar, it
proposes that people need others more during the acquisition of abstract than concrete concepts.
Others would offer linguistic explanations and social support to learn them. Some preliminary
evidence favouring this shows that, during abstract concept learning, both in children and adults, the
mouth motor system might be more recruited than the hand motor system (Borghi et al 2011;
Granito et al. 2015; Barca et al. 2017, 2020; Reggin et al. 2021), supporting the importance of
language for abstract concepts acquisition. According to WAT, when children and adults learn new
words, they verbally rehearse possible words and use inner dialogue to arrive at the correct meaning
(inner social metacognition)or prepare ourselves to revert to others to ask for it (social
metacognition). A similar mechanism also characterizes guessing abstract words starting from
images. Likely because of the lower imageability of abstract concepts, participants would need
others more to help them guess which abstract concepts images refer to. This leads participants to
resonate more with the people who assist them in matching words and images (Fini & Era, 2021).
Evidence supporting this also comes from ratings showing that people think they need others more
to learn abstract concepts (Villani et al., 2019). WAT also proposed that people need others more
during the processing and use of abstract concepts. Because of their fuzzy boundaries and
indeterminate character, people might negotiate their underspecified word meanings with others, as
when scientists debate to arrive at a new concept’s definition. More simply, they might seek to
understand better what others intend. Notably, here the interaction between the people involved is
symmetrical rather than asymmetrical. Here evidence on the role of social interaction is more
scattered. First, rating studies showed that people feel less confident knowing abstract concepts'
meanings (Mazzuca et al., 2022). Second, in simulated conversations, participants express more
uncertainties and ask more questions, and this is particularly true for the more abstract concepts,
philosophical-spiritual ones (Villani et al., 2022). Third, ratings indicated that it is easier to start a
conversation using abstract concepts, particularly with self-sociality concepts (Fini et al., 2023b).
The present study shows that, in Interactive conversations, starting from an abstract rather than a
concrete concept does not lead to differences in perceived closeness with others. Why? The reasons

can be many. First, it is possible that, being conversation a form of joint action, it enhances



closeness in any case, independent of the involved topic (unless in cases of conflict or different
opinions). Another is that during an Interactive conversation, which is not aimed at a specific goal
(e.g., learning a new term, defining together a term, preparing actions based on the term knowledge,
etc.), there is no need to reach a deep mutual understanding of the concept. Third, it is possible that,
even if the prompt for the conversation isa concrete vs. abstract concept, the flow of the
conversation directed elsewhere. Careful analyses of the conversation content will allow to discover
whether this is the case. Finally, it is possible that because the interaction is symmetric, the other is
not crucial to enrich knowledge differently in the case of a concrete or an abstract concept. Further
reasons for the absent result are possible. For example, we might be able to capture the need of
others with implicit but not explicit measures, such as the request to express a feeling of closeness.
Overall, these results cast doubt on the claim of WAT, according to which we would need others
not during the acquisition but in the everyday use of abstract concepts in on-line written brief
symmetric relations. Further analyses and novel paradigms are necessary to test whether we need
others more with abstract than concrete concepts in symmetric relationships.

Limitations of the study

In the current study, some limitations can be identified regarding the verification of the hypothesis
about the modulation of the interpersonal dynamics between the interlocutors as a function of the
abstractness of the conversational topic. First, the quality of the interaction between the
interlocutors was spontaneous and in order to preserve that character we did not control for the
physiological content fluctuation typical of dialogical exchanges. By adopting such an ecological
approach, we might have underestimated the need to exert manipulation on the conversational
content. We did not control for the extension of the abstractness level of the initial topic to the
entire body of the conversation. Second, the interactions, being so ecological, were less goal-
directed and not performant; in other words, a deep understanding of the topic was not required in
order to later re-explain the same to another person. For these reasons, the other’s contribution to
the conversation probably assumed a less utilitarian value: the goal to accomplish was not a
“cultural/divulgation” one but the pure enjoyment of the conversation. Undoubtedly, the study
suggests that conversations might represent diversified terrains of emotional and metacognitive
experiences, allowing the speculation that some metacognitive experiences (i.e., other contribution,
self-contribution, commitment)might strongly impact interpersonal dynamics in more performant-

interactive scenarios as compared with spontaneous exchanges.



Conclusions

When conversing online we are highly sensitive to the pleasantness, the difficulty, the intimacy, and
the other’s contribution to the dialogue. All these dimensions impact mental representations: people
feel psychologically and physically closer when chatting compared to when they are just digitally
connected with someone. Importantly, the subjective perception of the quality of the dialogue
modulates the sense of closeness, while the topic of conversation is less relevant. Thus, we can
conclude that CMC technology increases connection, but connection is not enough to feel
authentically connected or closer to someone; what matters is the dialogue and the subjective
perception of its quality. Knowing the importance of talking online and of conducting a qualitative
dialogue, even if for a few minutes, can be particularly relevant to ameliorate the quality of life in
contexts characterized by social isolation, mental illness, sickness, and for older people or
hospitalized dwellers that cannot spend too much time in real social interactions due to their health

conditions, but that can still benefit from this low-cost modality to feel closer and less alone.



3.4. Summary

Chapter 3 aimed to provide a comprehensive examination of the intricate relationship between
language and social cognition in interactions. Each section aimed at contributing to a deeper
understanding of how language, interpersonal representation processing and emotional engagement
influence the way individuals interact with one another.

The exploration of conversation initiation through abstract concepts (ACs) and concrete concepts
(CCs) in Chapter 3.1. provides a foundation for understanding how conceptual frameworks can
influence social interactions. The findings indicated that ACs are generally perceived as easier to
discuss, especially among individuals unfamiliar with a specific topic. This aligns with previous
research suggesting that ACs requires more cognitive processing and social engagement (Borghi et
al., 2019a,b). Specifically, the emotional-experiential and semantic-metacognitive dimensions
identified as influencing conversational ease support the notion that individuals perceive
conversations of ACs as stimulating interactions and negotiations (Mazzuca et al., 2022; Villani et
al., 2022). Capter 3.2. focused on the dynamics of digital communication on ACs and CCs and their
differential effect on perceived closeness between participants. The results revealed that interactive
chats, regardless of whether they involved ACs or CCs, significantly enhanced feelings of
psychological closeness. This finding highlights the importance of interactive and participatory
elements in digital communication. Notably, the absence of a significant difference between the
types of concepts used in fostering closeness suggests that the quality of interaction and the
emotional tone of the conversation may play a more critical role than the nature of the concepts
themselves.

Together, these research illustrate a nuanced relationship between concept types and social
interaction. While ACs may facilitate easier initiation of conversations by engaging participants
cognitively and emotionally, the actual process of communication—particularly in digital settings—
seems to hinge more on interaction dynamics rather than the abstract or concrete nature of the topic.
This indicates that in digital environments, fostering interactivity and intimacy can be key to
enhancing social bonds, irrespective of the concept types being discussed. These insights
underscore the importance of understanding both conceptual frameworks and communication styles
in promoting effective social interactions and the potential for ACs to stimulate the creation of

deeper conversations in various contexts.



A4

General Discussions

The present thesis, as stated in the introduction, aimed at investigating the interplay between
social interactions, sensory integration, communication and social cognition dynamics. It was
structured into two main experimental chapters: Chapter 2, focusing on how interpersonal motor
interactions affect multisensory and motor processing, explored how visual and tactile information
are integrated during and after joint actions and whether interpersonal motor interactions affect
individuals’ body ownership, but also how social factors, such as racial biases, can affect motor
coordination and interactions; Chapter 3 shifted the focus to linguistic communication, particularly
on how conversating on abstract concepts (ACs) compared to concrete concepts (CCs) can
contribute to the ease of starting conversations and on whether online interactions can enhance
feelings of interpersonal closeness.

Chapter 2.1. explored how interpersonal motor interactions influence the integration of visual
and tactile information. Consistent with previous findings on visuo-tactile incongruency effects
(Brozzoli et al., 2009; 2010; Senna et al., 2019; Patane et al., 2021), this research demonstrated that
VTI is modulated when visual cues appear on an individual's target object but also when they
appear on a partner's object, but only in interactions that require continuous prediction of the
partner’s movements. This suggests that interpersonal motor interactions engage neural processes
linked to multisensory integration, implying that the partner's movements and objects become
instrumental for the agent’s action goals. This process mirrors action-based somatosensory
resonance observed in earlier studies (di Pellegrino et al., 1992; Rizzolatti & Sinigaglia, 2016), and
supports the notion that in social contexts PPS functions as a multisensory-motor interface guiding
social interactions. Notably, VTI effects emerged only when participants had to predict their
partner's movements, emphasizing the importance of predictive mechanisms in joint actions and
space representation mechanisms. These findings deepen our understanding of multisensory
integration during social tasks and open avenues for further research on the underlying neural
mechanisms involved and on how social factors, such as individual characteristics, affect

sensorimotor processes during interpersonal interactions. Overall, the study highlights how sociality



extends perception and action within PPS representations, shaping individual behavior in joint
actions.

Chapter 2.2. investigated how interpersonal motor interactions modulate both behavioral (i.e.,
Reaction Times) and neural (i.e., EEG patterns) markers of cross-modal interpersonal integration,
focusing on the integration of visual and tactile/proprioceptive information. Behavioral results
showed that subjects experienced stronger interference when processing spatially incongruent
stimuli after interpersonal interactions, particularly for tactile over visual information. Moreover,
RTs significantly diminished when both visual and tactile channels were engaged during prior
interactions (M-PV condition), suggesting optimal multisensory integration respectively in
incongruent and congruent trials (Ernst, 2002; Noppeney, 2021). Neurophysiological data further
supported these findings, with neural responses modulated as early as 74 ms post-stimulus,
depending on prior interactions, particularly in the M-PV condition. This study supports cross-
modal integration in an interpersonal context, highlighting how multisensory processing is shaped
by joint actions and sensory coordination. These results underscore the dynamic nature of
sensorimotor integration, with implications for understanding the neural underpinnings of social
interactions.

The study of Chapter 2.3. reveals how multisensory visuo-tactile integration and body ownership
are modulated in social contexts, using a novel 'social' rubber hand illusion (RHI) paradigm.
Proprioceptive drift increased with task repetition, regardless of stroking synchronicity, suggesting
that social proximity during the task may diminish the role of synchronous cues, contrary to
classical RHI findings (Botvinick & Cohen, 1998). However, stroking synchronicity did
significantly enhance the sense of ownership and location (SRHI-Q), consistent with prior literature
(Longo et al., 2008; Tsakiris et al., 2010), and led to stronger embodiment effects even when the
hand was in an implausible position. This finding highlights how mutual engagement can
strengthen multisensory integration. Notably, VTI effects were not influenced by prior synchronous
or asynchronous manipulations, suggesting distinct multisensory mechanisms for body ownership
and the classical multisensory processing (Spence et al., 2000) or may reflect a shrinkage of the self
space representation relative to another person (Fossataro et al., 2023). In general, these findings
contribute to our understanding of how social interaction shapes body perception and call for
further exploration of the behavioural and neural mechanisms underlying these processes.

In Chapter 2.4. the studies examined how racial biases influence motor coordination during joint
actions, focusing on the role of the mPFC through cTBS. Participants exhibited slower RTs when

interacting with the out-group avatar, indicating an impact of racial membership on motor



coordination, consistent and expanding prior findings on implicit racial biases (Sacheli et al., 2015).
However, grasping asynchrony and movement time were primarily influenced by movement type
rather than avatar ethnicity, suggesting that racial biases mainly affect reaction times in joint
actions. Despite previous evidence linking mPFC to prejudice regulation (Amodio, 2014; Sellaro et
al., 2015), the study found inconclusive evidence for its role in modulating racial bias during joint
actions, possibly due to the absence of baseline bias in the sample (see AMP results). These
findings highlight the complexity of social factors in influencing motor interactions and suggest that
while social categorization influences RTs, motor coordination may involve more complex
variables than social biases alone that need to be explored more in depth, also at the neural level.

Chapter 3.1 investigated the dynamics of conversation initiation with abstract concepts (ACs)
compared to concrete concepts (CCs), revealing that concepts rated as more pleasant, familiar, and
positively valenced facilitate conversation initiation. Specifically, ACs are perceived as easier to
discuss than CCs, particularly when familiarity is low, highlighting their advantage in the
Emotional-Social Communication (ESC) dimension. The principal component analysis (PCA)
identified two key dimensions: an emotional-experiential dimension (encompassing Familiarity,
Valence, and Pleasantness) and a semantic—-metacognitive dimension (comprising Word Confidence
(WC), Context Availability (CA), Social Meaning (SM), and Open Negotiation (ON)). Findings
indicate that while both dimensions contribute to the ESC, emotional—experiential factors
predominantly influence conversation initiation. The results suggest that ACs evoke greater
uncertainty, necessitating more social interaction and collaborative meaning-making, thus
enhancing their conversational potential. Notably, Self-Sociality concepts, which relate to social
experiences, emerged as particularly effective in facilitating dialogue. This research aligns with the
theoretical framework of social grounding (Borghi et al., 2017, 2018, 2019), indicating that ACs
possess inherent qualities that make them conducive to social interaction, transcending mere
emotional valence. Future studies should explore these dynamics in real conversational contexts and
consider environmental factors influencing conversational choices. Understanding these
relationships may improve the selection of linguistic stimuli in studies on conversational dynamics
and social interaction.

Chapter 3.2. explored how brief online written interactions affect interpersonal closeness. Across
two experiments, results showed that interactive chats lasting less than five minutes significantly
increased both psychological and physical closeness compared to non-interactive exchanges. These
findings align with Construal-Level Theory (Trope et al., 2007), which posits that mediated

communication can reduce perceived social and psychological distance between individuals.



Dialogue quality, including pleasantness, intimacy, and the perceived contribution of the
interlocutor, was found to modulate closeness. Interestingly, the topic's abstractness (versus
concreteness) had no significant effect on interpersonal closeness, challenging some aspects of the
Words as Social Tools (WAT) theory (Borghi et al., 2019a,b). The study concludes that while
digital connection can foster a sense of closeness, meaningful dialogue plays a more crucial role in
truly connecting people. These findings highlight the importance of high-quality online
conversations for improving social connectedness, this can be especially important for individuals
facing isolation, illness, or limited real-life social interactions, and set the base to explore these
dynamics in the long run, comparing different populations and exploring more deeply the factors
influencing interpersonal online dynamics.

In conclusion, the research presented in Chapters 2 and 3 illustrates the profound impact of
social interactions on sensorimotor and interpersonal dynamics. The connections established
between these studies underpin the importance of considering both sensorimotor and cognitive
dimensions in understanding social interactive behaviour. Overall, they contribute to a deeper
comprehension of the multifaceted nature of social interactions and their implications for individual
perception and action. Future research should continue to investigate these intersections, exploring
how various interpersonal factors influence both sensory and motor integration in different social

environments.
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A2. Preregistration *“ Processing Abstract and Concrete Concepts:
the Case of Aphantasia”

A2.1. Introduction

When individuals are prompted to close their eyes and think about an object, they “use the
mind’s eye” to visualize it internally. Seeing the object through “the mind’s eye” is a process
known as mental imagery. Mental imagery is closely intertwined with many cognitive functions,
such as visual memory (Albers et al., 2013; Keogh & Pearson, 2011, 2014), spatial navigation
(Ghaem et al., 1997), language comprehension (Bergen, 2007; Zwaan et al., 2002) and it also plays
a pivotal role in moral and altruistic decisions (Amit & Greene, 2012; Gaesser & Schacter, 2014).
Imagery has been shown to activate the visual cortices. The imagined content may be decoded from
the cortical activity using an encoding model based on low-level depictive visual features, such as
spatial orientation and contrast (Naselaris et al., 2015). Mental imagery also holds clinical
relevance. It is commonly employed in cognitive behavioral psychotherapy techniques such as
imaginal exposure and rescripting (Arntz et al., 2007; Holmes et al., 2007; Pearson et al., 2015).
Importantly, not all people are endowed with the same level of mental imagery abilities.
“Aphantasia” refers to a condition of reduced or absent imagery (Zeman, 2010). This condition can
be acquired after brain damage or be present from birth (congenital aphantasia - Zeman, 2015). One
interesting question is to which degree mental imagery contributes to processing abstract and
concrete concepts.

Following the hybrid and the multiple representation theories (see for recent review by Muraki et
al., 2023), conceptual meanings are derived from linguistic and sensorimotor processes. In keeping
with the Words As Social Tools proposal (WAT - Borghi et al., 2017; Borghi, 2023), concrete
concepts evoke sensorimotor experiences more intensely and frequently than abstract concepts, for
which linguistic and social experiences might be more crucial. Indeed, the referents of concrete
concepts are more imageable than those of abstract concepts, which would activate the five senses
to a lower extent and be more difficult to associate with single perceptually bounded physical
referents (Borghi & Binkofsky, 2014). The so-called “Concreteness Effect” refers to the advantage
in the processing and recall of concrete (i.e., “apple”) over abstract concepts (i.e., “justice”-Paivio,
1990; Schwanenflugel, 1991; Schwanenflugel et al., 1992). In lexical decision tasks, reaction times
(RTs) are faster, and accuracy is higher for words with an easily imageable referent (Hargreaves,



2012). This evidence aligns with the classical Dual Coding Theory (e.g., Paivio, 1986; Paivio et al.,
1968), according to which all concepts are represented through the verbal system, but only concrete
concepts are directly encoded through images. For instance, the abstract concept of “religion”
evokes images only through the mediation of concrete concepts such as “church” (Borghi et al.,

2017).

Following these assumptions:

1) Concrete and abstract concepts activate both sensorimotor and linguistic experiences, but to a
different extent: sensorimotor (including visual) information has a significant weight in concrete
concept representation, whereas linguistic information in abstract concept ones;

2) Concepts' imageability contributes to the Concreteness Effect.

In line with this, we might expect that the Concreteness Effect in Aphantasic individuals might
be reduced when linguistic strategies of meaning retrieval are inhibited, i.e., when only visual cues

are available in the conceptual processing.

Since Aphantasic individuals show reduced visual imagery abilities, they might not benefit from
the advantage of accessing concrete over abstract concepts through the visual channel.
Consequently, they might rely more on propositional, verbal strategies. In the current study, we aim
to test whether individuals with aphantasia do not present the classical Concreteness Effect when

the linguistic strategies are inhibited while processing abstract and concrete words.

A2.2. Matherials & Methods

Design plan

2x2x2 mixed design for each experiment (visual search task and semantic relatedness judgment
task), with reaction times and accuracy as dependent variables, Category of Word (abstract,
concrete), and Type of Interference (verbal interference condition, visual interference condition) as
within-participants factors, and Group (Aphantasic group, Non-aphantasic group) as a between-

participants factor.

Stimuli selection



We preliminarily selected 40 abstract and 40 concrete concepts matched for Familiarity (X2(1) =
3.5441, p = .06), i.e., the level of perceived personal experience with a concept (FAM - Barca et al.,
2002; Falcinelli et al., 2023). The word set was extracted from a previous study investigating the
semantic properties of concepts (Fini et al., 2021). Then, in two preliminary surveys implemented
on the online platform of Google Form, 74 non-aphantasic participants (38 female, Mage = 37.00)
were asked to verbally describe each concept of the word set by detailing the first visual image that
came to their mind and that they considered representative of it. We ensured participants were not
aphantasic through the administration of two questionnaires within the same survey, i.e., a revised
version of the Vividness Of Visual Imagery Questionnaire (VVIQ, Marks, 1973; Zeman et al.,
2015, 2020) and the Plymouth Sensory Imagery Questionnaire (PSI-Q, Andrade et al., 2014). In
line with this, overall, one subject was excluded from the sample since the scores indicated the
presence of aphantasic characteristics, according to the VVIQ and PSI-Q (Marks, 1973; Zeman et
al., 2015, 2020; Andrade et al., 2014).

Once we collected visual images’ verbal descriptions, we processed texts through a text mining
analysis using ‘panda’ Python’s package (McKinney et al., 2010) to identify the most representative
descriptions for each concept. After cleaning the data (e.g., by removing symbols and stop words),
we applied a Latent Semantic Analysis (LSA) technique in topic modeling to this dataset. We
identified a topic for each concept through the ‘TF-IDF features’ (Pedregosa et al., 2011), and the
most frequent three-word chunks in each topic were extracted. Then, based on the three-word
chunks, specific images representing the mental image were implemented for each concept,
employing the online application of CANVA (https://www.canva.com). A target image was created
from each verbal chunk, which well-represented the mental image evoked by the concept.

Along with the targets, four distractor images were created per each. Distractors were realized by
keeping the same primary elements of the target images to maintain the same graphic complexity
(e.g., background, number of elements represented) and varying the associated concept's
representativeness. Figure 1 shows an example of the target image and distractors associated with

one concrete (Panel A) and one abstract concept (Panel B) from our word set.

Figure 1. Panel A) An example of images constructed for the concrete concept of “Rooster”, showing how the
distractors (1,2,3,4) would differ from the target image (5) only in the represented animal and not in complexity or
number of included elements, e.g., the farm in the background, the countryside scenario. Panel B) An example of
images constructed for the abstract concept of “Suggestion”, showing how the distractors (1,2,3,4) would differ from
the target image (5) only in the represented scene and not in complexity or number of included elements, e.g., there are
two people in all images and the background is the same.



Then, to validate the selected images, the semantic association between one target image and four

distractors to the main concept (40 abstract and 40 concrete concepts) was evaluated through two
independent surveys administered to an independent sample of 42 non-aphantasic participants.
More specifically, we asked participants: “How much do you think this image conveys the meaning
of the concept?” and to provide their answers using a 7-point Likert scale (1 = "not at all"; 7 =
“extremely"). We checked participants for aphantasic traits through the VVIQ and PSI-Q; three
subjects were excluded from analyses since their questionnaire scores indicated the presence of
aphantasic characteristics (Marks, 1973; Zeman et al., 2015, 2020; Andrade et al., 2014). We
selected visual stimuli for the visual search and semantic relatedness judgment tasks based on the
results. Specifically, we identified 48 concepts (n = 24 abstract and n = 24 concrete) and related
images. They were randomly delivered through a between-tasks procedure (i.e., N = 24 words for
each task, 12 of which were abstract and 12 concrete) to avoid the repetition of the same stimuli in
both tasks that might bias participants’ responses. Linguistic stimuli resulted in being matched for
familiarity, X?(1) = 0.731, p = .391, valence, X?(1) = 1.967, p = .161, pleasantness, X?(1) =2.194, p
= .139, figurative representativeness of the corresponding target images, estimate = .3661, SE =
4794, z value = .764, p = .445, and figurative representativeness of the four distractors, estimate =
.1808, SE =.3739, z value = .484, p = 0.629.



Tasks

Preliminary Image Presentation Task.

Participants will be instructed to memorize a series of words displayed before each trial. They will
be presented with eight lists, each comprising ten words. Their explicit objective will be
remembering as many words as possible from each list. Following each list, participants will view
and be asked to focus on the presentation of images associated with the relative concepts for three
seconds (timings from Zhou et al., 2024). The images and concepts displayed will be only the target
stimuli from the selected sample for the visual search and semantic relatedness tasks (see above).
Upon completion of each trial, participants must recall the words they can remember from the
previously displayed list. The experimenter will record the recalled words for each trial, and the
procedure will proceed accordingly. This task aims to present the participants with the target stimuli
passively. After this preliminary task, participants will perform the visual search and semantic

relatedness tasks a week later to avoid learning effects.

Visual search task.

The visual search task will start by presenting the concept and the associated ad hoc images (n = 1
target and n = 4 distractors; see above). Then, within 4.1 seconds (for the timing choice, consult the
pilot section below), participants will be asked to indicate the image that best represents the concept
from the array. The stimuli position will be randomized across participants trial by trial. Participants

will be asked to select the target image quickly and accurately (Figure 2, Panel A).

Semantic relatedness judgment task.

The semantic relatedness judgment task will start by displaying the target or one of the distractors'
images associated with the relative concept for 1.2 seconds (for the timing choice, consult the pilot
section below), followed by the visual presentation of the concept. For each concept, the distractor
will be identified by selecting that with the average score of figurative representativeness within the
pool of distractors, based on results from the previously performed survey (see above). By pressing
two separate buttons on the keyboard indicating different option responses—i.e., “related” vs.
“unrelated”—participants will decide as fast as possible whether the previously delivered image
represents the concept. The association between buttons and option responses will be

counterbalanced between participants (Figure 2, Panel B).



Figure 2. Panel A) An example of the trial structure in the Visual Search Task for the concept of “Truce”. Panel B) An
example of the trial in the Semantic Judgment Task for the concept of “Trench”.

A B

Trench

A - Related L - Unrelated

Notably, both tasks will be alternatively performed in two different within-subjects experimental
conditions:

1) Verbal interference condition: Before performing the tasks, participants will be asked to read
two pseudowords— ten pseudowords were generated with the online free software:
http://www.lexique.org/?page_id=582; they were chosen randomly from a pool of options among
those offered by the software and composed of trigrams, with a maximum length of six letters.
Participants were asked to keep them in memory because, every eight trials, they will be asked to
report them in the correct order of appearance.

2) Visual interference condition: Participants will be asked to observe two non-canonical
geometrical shapes selected from Canva and keep them in memory. Every eight trials, they will be
asked to choose, among others, the presented geometrical shapes in the correct order of appearance.
These two conditions were inserted to control the adoption of compensatory verbal strategies by
aphantasic individuals, who might easily accomplish the task without relying on mental imagery
resources.

Each task and experimental condition will be counterbalanced between subjects, and
concrete/abstract descriptions will be randomly administered trial-by-trial.

At the end of the behavioral tasks, participants will be asked to evaluate target concepts on some
semantic dimensions, such as Perceptual strength, i.e., the extent to which each concept activates
sensory modality (hearing, smell, taste, touch, vision; PS - Connell & Lynott, 2012; 2014; Lynott &



Connell, 2013; Villani et al., 2019); Imageability, referring to the level of imageability of entities to
which the concept refers (IMG - Paivio et al., 1988; Paivio, 1990; Villani et al., 2019);
Concreteness~Abstractness, relying on the amount of abstractness of a concept (ABS - Paivio et al.,
1988; Paivio, 1990; Villani et al., 2019; Falcinelli et al., 2023); and Interoception, indicating to
which extent a concept activate inner processes (INT - Connell et al., 2018; Villani et al., 2019;
2021). Participants will also be asked to provide socio-demographic information (e.g., sex, age).

Pilot Timings

A pilot study was conducted on ten participants to establish suitable timings for performing our
study's visual search and semantic judgment tasks. The pilot employed a within-subjects design to
ensure consistency across tasks.

Before the pilot, initial timings for the visual search task were drawn from the study by Zou et al.
(2024), where they found that, on average, it took 3 seconds to process each image in a complex
scene. Given that our task presented five scenes in an array, the total time allocated for the pilot
version of the visual search task was 15,000 milliseconds. Initial timings for the semantic judgment
task were adopted from Azimi et al. (2020), who implemented a simultaneous display of lexical
stimuli for 5,000 ms judgments. We used this timing in the pilot since our semantic task requires a
simultaneous display of a concept and an un/related image.

Following the pilot study, adjustments were made to the timings based on participants' performance
both in terms of accuracy and reaction times (RTs). The timing for the semantic judgment task was
reduced to 1.2 seconds and for the visual search task to 4.1 seconds per trial (according to the stated
above criteria). These timings are estimated considering the round-up of one-third added to the
slower RTs values in case of correct responses in each task. These adjustments are aimed to ensure
that the timings did not facilitate stimulus learning while providing sufficient time to avoid
excessive missing responses. These considerations are particularly relevant for the population of

aphantasics, whose performance we will investigate and expect to be slower than controls.

Specific Hypotheses

Semantic Relatedness Judgement Task:

Verbal interference condition:

1. Aphantasic individuals might show a worse performance (i.e., slower RTs and worse
accuracy) when associating (especially) concrete concepts with the corresponding images as

compared with non-aphantasic individuals;



2. Non-aphantasic individuals might show the typical Concreteness Effect—displaying faster
RTs and better accuracy when associating concrete concepts rather than abstract ones with the

corresponding images.

Visual interference condition:

1. Aphantasic individuals might show a worse performance (i.e., slower RTs and worse
accuracy) when associating concrete concepts with the corresponding images compared to non-
aphantasic individuals.

2. Non-aphantasic individuals might show a worse performance (i.e., slower RTs and worse
accuracy) when associating concrete concepts with the corresponding images compared to the

verbal interference condition.

Visual Search Task:

Verbal interference condition:

1. Aphantasic individuals might show slower RTs and less accuracy when identifying the
target image among the four distractors for abstract and concrete concepts than non-aphantasic
individuals.

2. Non-aphantasic individuals might show better accuracy and faster RTs in identifying the

target image representing concrete concepts than abstract ones.

Visual interference condition:

1. Aphantasic individuals might perform similarly (in RTs and accuracy) when associating
concrete and abstract concepts with the corresponding images.

2. Compared to the verbal interference condition, the non-aphantasic individuals might show a
slightly reduced accuracy and be slower in RTs when associating concrete and abstract concepts

with the corresponding images.

Sample
An independent sample of 30 Aphantasic and 30 non-Aphantasic individuals, all English native
speakers, will be tested in the current study. This sample size has been set after performing a power

analysis through MorePower 3 software (Faul et al., 2007). Specifically, we estimated the sample



size to achieve a large effect size (np2 = .12), with a power of .80%, an alpha error of .05, and a
correlation among repeated measures of .50 for an ANOVA with a within factor of two levels
Category of Word: abstract, concrete, another within factor of two levels (Type of Interference:
verbal interference condition, visual interference condition), a between factor of two levels (Group:

Aphantasic group, Non-aphantasic group) and their interaction.

Manipulated variables
- Group: Aphantasic group, Non-aphantasic group;
- Category of Word: Abstract, Concrete;
- Type of Interference: Visual Interference condition, Verbal interference condition.

Measured variables
For both tasks:
- Accuracy in responses

- Reaction times (in ms)

A2.3. Analysis plan

Visual search task

Accuracy analysis

We will employ Generalized Linear Mixed models (GLMMs) with a binomial family. Accuracy
scores will be entered as the dependent variable, Group (Aphantasic, Non-Aphantasic), Category of
Word (Abstract, Concrete), Type of Interference (Visual Interference, Verbal Interference) and their

interaction as fixed factors, and Participants and Words as random factors.

RTs analysis

We will employ Linear Mixed models (LMMSs). The model will fit reaction times as a dependent
variable, Group (Aphantasic, Non-Aphantasic), Category of Word (Abstract, Concrete), and Type
of Interference (Visual Interference, Verbal Interference) and their interaction as fixed factors, and
Participants and Words as random intercepts. In case the response variable is not normally

distributed we will revert to GLMMs".



Semantic relatedness judgment task

Accuracy analysis

We will employ Generalized Linear Mixed models (GLMMs) with a binomial family. Accuracy
scores will be entered as the dependent variable, Group (Aphantasic, No Aphantasic), Category of
Word (Abstract, Concrete), Type of Interference (Visual Interference, Verbal Interference) and

their interaction as fixed factors, and Participants and Words as random factors.

RTs analysis

We will employ Linear Mixed models (LMMs). The model will fit reaction times as a dependent
variable, Group (Aphantasic, Non-Aphantasic), Category of Word (Abstract, Concrete), and Type
of Interference (Visual Interference, Verbal Interference) and their interaction as fixed factors, and
Participants and Words as random intercepts. In case the response variable is not normally
distributed we will revert to GLMMs.
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