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Abstract

The peripersonal space is a multisensory interface between the body and the environment, which can be modulated by
the presence of objects or other agents. However, how the presence of artificial agents affects the representation of
peripersonal space is still poorly understood. We conducted four experiments in which participants had to judge objects’
reachability for themselves or for another agent. In Experiment |, participants performed the reachability task alone. In
Experiment 2, participants interacted with another human partner. Experiment 2b was a control condition to test task’s
physical properties. In Experiment 3, participants performed the task with the humanoid robot iCub, programmed to
exhibit motor and social behaviours. The results showed that the extent of the peripersonal space was influenced by
the presence of another agent, as participants narrowed their own peripersonal space in a social context, compared
to performing the task alone. Furthermore, they perceived their own peripersonal space as larger, compared to the
peripersonal space of another human agent (Experiment 2) or humanoid robot (Experiment 3). This suggests that the
motor repertoire of a human and a humanoid embodied artificial agent is similarly perceived. The present evidence may
open new avenues for space perception in social interactions.

Keywords
peripersonal space, reachable space, human-robot interaction

Received: 2 August 2024; revised: 14 October 2025; accepted: 16 October 2025

Introduction 2008), and it is widely accepted that it is flexible, and it

o ) can be shaped by contextual information. Indeed, several
A large body of neuroscientific evidence has shown that

the brain develops a variety of representations of the space
surrounding the body, depending on previous experience
and on the possibilities to act (Fogassi et al., 1996;
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that is, the reachable space surrounding the body, in which

we can directly interact with objects, and the extrapersonal

space, that is, the space beyond our reach (Di Pellegrino &

Ladavas, 2015; Holmes & Spence, 2004; Rizzolatti et al., Corresponding author: _ )

1997). The representation of the peripersonal space has Magda P."l:IStﬂe, The Psycholog|c~a| Sciences R?search IrTscltute,
Université catholique de Louvain, Place Cardinal Mercier 10/L3.05.01

been extensively investigated (Canzoneri et al., 2012; Louvain-la-Neuve 1348, Belgium.

Costantini, Ambrosini, et al., 2011; Ladavas & Serino, Emails: mustilemagda@gmail.com; magda.mustile@uclouvain.be


https://uk.sagepub.com/en-gb/journals-permissions
http://qjep.sagepub.com
mailto:mustilemagda@gmail.com
mailto:magda.mustile@uclouvain.be
http://crossmark.crossref.org/dialog/?doi=10.1177%2F17470218251412245&domain=pdf&date_stamp=2026-01-03

Quarterly Journal of Experimental Psychology 00(0)

studies have shown that the extent of the peripersonal
space can be modulated by the presence of tools (Canzoneri
et al., 2013; Cardinali et al., 2011, 2012; Maravita et al.,
2002; Quesque et al., 2017), the rewarding value of objects
within (Bertonatti et al., 2021; Gigliotti et al., 2021), the
ownership of the objects (Patan¢ et al., 2021) and the goal
of intended actions (Brozzoli et al., 2010; Senna et al.,
2019). This evidence suggests that the function of the
peripersonal space is to mediate between perceptual and
motor processes, guiding the regulation of goal-directed
behaviour (Brozzoli et al., 2011; Cléry et al., 2015; de
Vignemont & lannetti, 2015; Di Pellegrino & Ladavas,
2015; Rizzolatti et al., 2014).

Since the seminal electrophysiological evidence on
monkeys by Rizzolatti et al. (1981), a broad range of evi-
dence has shown that the presence of objects or visual
stimuli placed close to the body activate neurons in brain
areas recruited for voluntary actions, that is, the premotor
cortex (Caggiano et al., 2009; Rizzolatti et al., 1981), the
parietal cortex (Colby et al., 1993; Gallivan et al., 2009)
the putamen (Graziano & Gross, 1993) and the intrapari-
etal areas (Colby & Duhamel, 1996). These activations
have been reported only when stimuli were presented
within the boundary of the peripersonal space but not when
they were placed far from it, suggesting that objects’ spa-
tial position is encoded in motor terms to facilitate actions
(Graziano & Cooke, 2006; Rizzolatti et al., 1997).
Supporting this account, the involvement of action-related
brain areas has been also described when participants have
to perceptually determine the reachable area in the so-
called reachability judgement task, further suggesting that
the perception of the peripersonal space serves as a guide
for the action system (Bartolo, Coello, et al., 2014;
Gallivan et al., 2009).

The reachability judgement task has been largely
employed to investigate the peripersonal space representa-
tion. In this task, participants have to establish whether an
object or a visual stimulus, usually displayed on an hori-
zontal surface at different locations on the sagittal axis, is
within their reach. It has been shown that this task does not
only involve a perceptual evaluation of objects’ properties
but also an estimation of the possibility of the body to act
upon them, which requires the recruitment of motor pro-
cesses (Bartolo, Carlier, et al., 2014; Coello et al., 2008;
Grade et al., 2012; Wamain et al., 2016). Indeed, several
studies demonstrated that judging whether an object is
within our reach, elicits the activation of motor brain areas.
Coello et al. (2008) found that reachability judgments
were delayed when transcranial magnetic stimulation was
applied on the motor cortex. Bartolo, Carlier, et al. (2014)
showed that the perception of what is reachable is impaired
in stroke patients with brain lesions of the motor cortex.
Wamain et al. (2016) reported neural activity over the
motor cortex when participants had to judge the reachabil-
ity of an object placed in the peripersonal space, which

was not observed when they had to categorise the object.
Further support for the involvement of perceptual and
motor processes in the reachability judgement task comes
from behavioural evidence showing that body’s and move-
ment’s constraints might alter the perception of reachable
distance. Iachini et al. (2014) asked participants to perform
a reachability judgement task in virtual reality with the
arm free or blocked. They showed that objects were
detected faster in the peripersonal space compared to the
extrapersonal but only when participants could freely
move the arms, compared to the condition in which they
were blocked. Toussaint et al. (2020) found that, after 24 hr
of immobilisation, the extent of the peripersonal space
shrunk.

In the context of peripersonal space representation, it is
important to note that our space is inhabited not only by
objects, but also by other moving agents, who might also
act in our space. In order to accomplish our intended goals,
it is therefore important to take into account others’ actions
and their possible consequences in our space. A large num-
ber of different accounts proposed that to understand and
predict others’ behaviour, the brain simulates actions per-
formed by others. That is, actions are mapped onto the
observer’s motor repertoire. In other words, actions per-
formed by others are coded in similar perceptual and motor
terms as our own (Decety & Grézes, 2006; Gallese, 2007;
Gallese et al., 2004; Heyes, 2010; Ramnani & Miall, 2004;
Rizzolatti & Craighero, 2004; Rizzolatti et al., 2001).
These simulative processes allow us to understand and
predict others’ behaviours and might occur to a different
extent dependent on whether or not the observed action
violates biological constraints of the body (Candidi et al.,
2008), belongs to the motor repertoire of the observer
(Buccino et al., 2004) or is performed by an agent per-
ceived as intentional (Liepelt et al, 2010). Similarly, motor
simulative processes seem to occur also when estimating
the reachable space of other agents. Indeed, studies showed
that response times are similar when objects are placed in
our own, or in the peripersonal space of a virtual avatar,
suggesting that the other’ peripersonal space is mapped
onto our own space representation (Cardellicchio et al.,
2013; Fini et al., 2014; Costantini, Committeri &
Sinigaglia, 2011). Consistently, several findings showed
how the motor repertoire and the actual ability of perform-
ing actions modulate the perception of our own and the
others’ peripersonal space. For example, Fini et al. (2015)
showed that the space judged as near is larger when par-
ticipants have to judge objects’ reachability in relation to a
human avatar, compared to static objects and to a wooden
dummy, suggesting that reachability judgements are
shaped by agents’ motor capabilities. Furthermore, lachini
and Ruggiero (2021) demonstrated that participants were
slower when judging the reachability of an object from a
virtual avatar with the arm blocked compared to when
their arms were free, indicating that movement’s con-
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straints are taken into account when judging others’ perip-
ersonal space.

In the context of research investigating how our motor
system encodes others’ space and actions, a critical chal-
lenge is posed by the introduction of new kinds of agents
in our environments. Indeed, the rapid development of
technologies means that robots are increasingly present in
workspaces, education, and clinical settings, changing our
lifestyle and social dynamics. A broad range of investiga-
tions has indeed focused on how we perceive robots and
their actions, examining whether similar motor simulative
processes might also occur when we observe artificial
agents’ behaviours. However, the findings of this literature
are not all aligned. Several studies suggest that motor sim-
ulation mechanisms might occur during the observation of
action performed either by humans or robots, displayed in
a video or images (Hofree et al., 2015; Oztop et al., 2004;
Wykowska et al., 2014). Hofree et al. (2015) reported sim-
ilar muscle activation when observing both human and
artificial agents’ movements. Oztop et al. (2004) found
that the motor interference effect, consisting in an increased
movement’s variance when an observed action is not com-
patible with the action executed by the observer, occurs for
observed actions performed either by a human or a robot.
Furthermore, brain imaging evidence has shown that the
brain motor areas involved in the so-called ‘action obser-
vation network’ (cfr. Cross et al., 2009; Grafton et al.,
1996; Rizzolatti & Sinigaglia, 2010) are similarly active
when participants observed humans’ or robots’ movements
(Cross et al., 2012). In contrast, some other studies show
mixed results. For example, Kupferberg et al. (2012)
reported that the motor interference effect occurred during
action observation but only when the joint configuration of
a robot arm resembled that of a human. Similarly, Press
et al. (2005) showed that response—compatibility effect
occurred only when the robot’s hand was similar to a
human hand. Furthermore, Liepelt et al. (2010) showed
that motor facilitation did not occur when participants
observed communicative gestures performed by artificial
agents, compared to human agents. As argued by the
authors, this would suggest that the attribution of motor
intentions plays a critical role for motor simulative pro-
cesses to occur (Liepelt et al., 2008, 2010).

Although previous literature has provided important
evidence on how we perceive human and robot actions, to
date, there is a gap in understanding how the presence of
embodied robots influences our perception of space. The
previous studies focusing on how the presence of other
agents modulates the perception of the peripersonal space
have mainly employed virtual reality, or, in the case of
action observation, videos of actions performed with sin-
gle effectors. Although very promising, virtual reality par-
adigms are limited by lack of physical presence and being
embedded in a virtual (not actual) environment, which
may affect the understanding of processes underlying

space perception in social contexts. Indeed, it has been
shown that the lack of physical presence might alter
object’s perception (Grabarczyk & Pokropski, 2016;
Ogawa et al., 2018), physiological signals (Mechan et al.,
2005) as well as the sense of body ownership (Tieri et al.,
2015) or body shape (Kilteni et al., 2012).

Therefore, across four! experiments, employing a
reachability judgement task, we aimed to investigate how
the physical presence of natural and artificial agents
(humans and robots) displaying motor and social behav-
iours might impact the perception of the participant’s own
and others’ peripersonal space. We asked participants to
estimate the reachability of a moving object displayed as a
moving image on a horizontal screen. In Experiment 1,
participants performed the task alone. This served as a
baseline with which the effects of the presence of other
agents could be compared. In Experiment 2, we asked
dyads of human participants to estimate the reachability of
a moving object for themselves or for a human partner. To
check if the effect was not due to the simple perception of
an object moving towards or away from the observer, we
conducted a control experiment (Experiment 2b) in which
participants were alone and judged when the object crossed
the hemispace of the monitor. In Experiment 3, we aimed
at examining whether the peripersonal space perception
was affected by the presence of a humanoid robot with
motor and social characteristics, and whether this percep-
tion was comparable to the presence of a human partner.
Therefore, in Experiment 3, participants performed the
same reachability judgement task as in Experiment 2 with
the humanoid robot iCub (Metta et al., 2010), programmed
to exhibit both verbal and motor behaviours.

Experiment |

In Experiment 1, participants performed a reachability
judgement task and had to decide whether an object (dis-
played as a moving image on a screen) was reachable.

Methods

Participants. Thirty-six healthy participants (21 females
and 15 males; age range=19-45; mean age=25.47 years;
SD== 6.39years; 2 left handed) took part in the experi-
ment. Sample size was determined by research on relevant
literature (see Patané et al., 2021). All participants had
normal or corrected-to-normal visual acuity. All the par-
ticipants were reimbursed for their participation. The study
was conducted at the Istituto Italiano di Tecnologia, IIT,
Genova, and it was approved by the local ethical commit-
tee (Comitato Etico Regione Liguria).

Materials and Procedure. Stimuli consisted of six coloured
pictures (1280 X 720 px) selected from the BOSS database
(Brodeur et al., 2010). The images of objects were
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processed with Gimp 2.0 to remove the background and
were rated by an independent group of 43 participants
through an online questionnaire. In this questionnaire, par-
ticipants were asked to rate each object, presented at two
different orientations (i.e. the graspable part of the object to
the left or the right), on a five-point Likert scale (1932)
according to the object’s familiarity, visual complexity, and
typicality (belonging to the category of artefacts or natural
objects). Paired sample #-tests revealed no significant dif-
ferences across ratings of left and right oriented objects for
familiarity, visual complexity or typicality (p >.05).

Participants sat on the side of a horizontal 49” touch
screen table (Touchwindow Multi-Touch Display,
1099.4 X 634.0 X 36.8 mm). They were asked to sit at a
constant distance from the edge of the table (20 cm between
the torso and the edge of the table). The experiment was
performed using Psychopy (version 2020.1.3) and ran on a
laptop connected to the screen. Responses were provided
through a black button fixed on the border of the horizon-
tal screen (in the middle of the border, 34cm from the
edges) and connected to the laptop where the experiment
was run. A trial started with a fixation cross appearing for
1,500 ms in the centre of the screen (at a position 0 for the
x and y axes, vertical visual angle 63°). Images of objects
(displayed with a size of 3650 X 3650 px) appeared in the
centre of the horizontal screen (position 0 for x and y axis
on the screen, vertical visual angle 63°) and started to
move perpendicularly towards the participant with a speed
of 10cm/s on the y axis. The orientation of the handle of
the object (left or right) was counterbalanced within trials.
Participants were instructed to press the button and to
‘stop’ the object when they thought they could reach the
object. Responses were provided either with the left or the
right hand, and the response side was counterbalanced
within participants. Participants performed 10 practice tri-
als and then 192 experimental trials (96per partner)
divided into 4 experimental blocks (48 trials per block).
Prior to the experiment, the participants” height, arm length
(length from shoulder to the extremity of the medium fin-
ger), and maximum reachable space (i.e. maximal reacha-
ble distance on the screen with the right finger) were
measured in centimetres. Our dependent variable of inter-
est was participants’ reaction times (RT) in the reachability
judgement task. Importantly, the shorter the RT (the faster
participants responded ‘reachable’), the larger the repre-
sentation of the peripersonal space.

Although not the primary aim of the study, which
focuses on how the presence of other social agents (humans
and robots) affects the peripersonal space perception, in
the present work, we examined the potential role of indi-
vidual motor and physical characteristics, such as the arm
length and the height of participants recruited across
experiments. Furthermore, to better understand whether
the perception of the peripersonal space is modulated by
the social context, we analysed the reaction times of par-
ticipants performing the reachability judgment task across

Table |. Descriptive Statistics of RTs Depending on Block in
Experiment |.

Block Mean = SD

Block | 1.528 +£0.351
Block 2 |.555+0.355
Block 3 1.528 +0.368
Block 4 1.535+0.372

four experimental blocks in each experiment. On the one
hand, the inclusion of the block variable in the analysis
allows the evaluation of potential effects of practice,
which, if present, should emerge when participants per-
form the task alone (Experiment 1). On the other hand, the
inclusion of the block variable allows the comparison of a
potential familiarisation effect emerging when interacting
with another human partner or with the humanoid robot
iCub, in line with prior research suggesting that the perip-
ersonal space representation can be modulated by social
interaction and exposure (Cardellicchio et al., 2013;
Costantini, Committeri & Sinigaglia, 2011).

Transparency and Openness. We report how we determined
our sample size, all data exclusions, all manipulations, and
all measures in the study. The anonymised data, codes and
material of the present study are available upon request
from the corresponding author (M.M.). Data were analysed
using R, version 2023.03.0 (R Core Team, 2020). The study
was not pre-registered.

Results

Practice trials and trials above or below two standard devi-
ations from the overall mean of each participant’s reaction
times were excluded from the analyses. The remaining tri-
als were averaged in each of the four experimental blocks.
Data were analysed using six paired sample #-tests con-
trasting participant’s reaction times across four blocks.
The t-tests did not reveal any significant difference across
the four experimental blocks (p>.05). Table 1 summa-
rises the participants’ reaction times averaged depending
on Block in Experiment 1. An additional exploratory anal-
ysis on the effect of Congruence in Experiment 1 is
reported in the Supplemental Materials. A Pearson correla-
tion coefficient was calculated to assess the linear relation-
ship between reaction times of the reachability judgement
task and the participants’ height, arm length, and the maxi-
mum reachable space. There was a positive correlation
between the Self reachable space and the height
(r(35)=.430, p=.004) and the arm length (r(35)=.442,
p=.003) of participants, suggesting that participants had a
good representation of their reachable space.

Experiment 1 was performed in order to provide a base-
line to establish the extent of the participant’s own per-
ceived peripersonal space in the absence of other agents.
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These data will then be compared to the conditions in
which other agents are present in Experiments 2 and 3.

Experiment 2

The aim of Experiment 2 was to investigate the difference
in the perception of the reachable space for the self and
other human agents. Participants performed a reachability
judgement task in dyads and had to decide whether an
object (displayed as an image on a screen) was reachable
for themselves or their partner. The conditions of this
experiment were nested and counterbalanced with the con-
ditions of another study, focused on the reachability judge-
ment of neutral and dangerous objects, which is outside
the focus of the present work. These data are not of interest
to the aim of the present study; therefore, they are not
included in the analyses.

Methods

Participants. Thirty-six healthy participants (20 females and
16 males; age range=19-32; mean age=25.17 years; SD==*+
3.24years; 5 left-handed) took part in the experiment. All
participants had normal or corrected-to-normal visual acuity.
All the participants were reimbursed for their participation.
The study was conducted at the Istituto Italiano di Tecnolo-
gia, IIT, Genova, and it was approved by the local ethical
committee (Comitato Etico Regione Liguria).

Materials and Procedure. Stimuli and apparatus were identi-
cal to Experiment 1, with the exception that participants
performed the task in dyads. Participants of each couple sat
at the opposite side of the horizontal 49” touch screen table
facing each other. They were asked to sit at a constant dis-
tance from the edge of the table (20 cm between the torso
and the edge of the table). A trial started with a blue triangle
appearing for 1,500 ms in the centre of the screen (at a posi-
tion O for the x and y axes, vertical visual angle 63°). The
triangle could point towards one of the two participants
randomly, indicating the participant in turn for each trial.
Images of objects (displayed with a size of 3650 X 3650 px)
appeared in the centre of the horizontal screen (position 0
for x and y axis on the screen, vertical visual angle 63°) and
started to move perpendicularly towards one of the partici-
pants with a speed of 10 cm/s on the y axis. The orientation
of the handle of the object (left or right) was counterbal-
anced within trials. An illustration of the task is provided in
the top panel of Figure 1. Participants were instructed to
press the button and to ‘stop’ the object when they thought
that the object was reachable for themselves or the other
agent, depending on the direction of the movement (see
Iachini et al., 2014). Responses were provided either with
the left or the right hand, and the response side was coun-
terbalanced within participants. Participants performed 20
practice trials (10 for each partner) and then a total of 192

trials (96 per partner) divided into 4 experimental blocks
(48 trials per block). Prior to the experiment, the partici-
pants’ height, arm length (length from shoulder to the
extremity of the medium finger), and maximum reachable
space (i.e. maximal reachable distance on the screen with
the right finger) were measured in centimetres.

Practice trials and trials above or below two standard
deviations from the overall mean of each participant’s
reaction times were excluded from the analyses. Data were
analysed using a 2 (Agent: Self vs. Other) X4 (Block
Number) repeated-measures ANOVA. The Greenhouse—
Geisser correction was applied whenever the sphericity
assumption was violated, and post hoc paired sample
t-tests were adjusted for multiple comparisons using the
Bonferroni correction. All the remaining results regarding
other factors for all the experiments are reported in the
Supplemental Materials.

Results

The ANOVA revealed a main effect of Block [F(1,
35)=20.657, p<<.001, np2=.071] as participants were
faster in the first block compared to the other experimental
blocks (Block 1 vs. Block 2: #35)=4.631, p <.001; Block
1 vs. Block 3: #(35)=6.149, p <.001; Block 1 vs. Block 3:
1(35)=7.329, p <.001). Interestingly, the ANOVA revealed
a main effect of Agent [F(1, 35)=9.148, p=.004,
np2=.022], as participants were faster when judging the
reachability of the Self reachable space compared to the
Other reachable space, that is, the Self reachable space was
perceived as larger compared to the Other reachable space
(bottom left panel of Figure 1). A two-way interaction
between Agent and Block [F(3, 35)=5.726, p<<.001,
np2= .002] indicated that the perception of the Self and the
Other reachable space changed across the blocks of the
experimental session. Post hoc paired sample ¢-test showed
that the Self reachable space was perceived as larger com-
pared to the Other reachable space in the first (#(35)=3.716,
p=.016) and in the second block (#(35)=3.613, p=.022),
whereas in the third and in the fourth block, the two spaces
were not statistically different from each other (p >.05).
This is shown in the bottom right panel of Figure 1.
Additionally, a Pearson correlation coefficient was calcu-
lated to assess the linear relationship between reaction
times of the reachability judgement task for each agent
(Self, Other) and the participants’ height, arm length, and
the maximum reachable space. The correlations did not
indicate any significant relationship (p >.05).

Discussion

The results of Experiment 2 showed that participants per-
ceived their own and their partner’s peripersonal space dif-
ferently. Specifically, participants perceived their own
reachable space as larger, compared to the space attributed
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Figure |. Top: lllustration of the task of Experiment |. Bottom left: Bar graph illustrating the main effect of the Agent, as
participants were slower when judging the other reachable space compared to the Self reachable space. Bottom right: Line graph
displaying a significant two-way interaction between Block and Agent. Post hoc paired sample t-test indicated that participants were
slower when judging the other reachable space compared to the Self reachable space in the first and the second block. Significant

comparisons are flagged with an asterisk.

to the other agent. Furthermore, the pattern of results sug-
gests that this difference might change as a function of the
time spent in the interaction, as the reachable space attrib-
uted to the self and the other agent was different in the first

half of the experiment but became not significantly differ-
ent in the second half of the experimental session.

The findings of Experiment 2 are consistent with previ-
ous evidence showing that the presence of other agents
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modulates our perception of the peripersonal space
(Bogdanova et al., 2021; Coello & Iachini, 2020; de
Vignemont & lannetti, 2015). However, we acknowledge
that these results might also originate from the mere direc-
tion of the object’s movement, where objects moving away
or towards the participants might influence the perception
of the reachable space attributed to the self and to the other
agent. Indeed, previous studies have shown that the posi-
tion of an object with respect to an agent might modulate
the perception of object properties. For example, the effect
of object affordances is stronger in the near compared to
the far space (Costantini, Ambrosini, et al., 2011) and
when objects move toward rather than away from partici-
pants (Anelli et al., 2013). In order to address this alterna-
tive interpretation of our results, we conducted a control
experiment (Experiment 2b).

Experiment 2b

Experiment 2 showed that the perception of one’s reachable
space is different from the space attributed to another agent.
Specifically, participants attributed more space to them-
selves compared to their partners (they were faster in judg-
ing the point in space which they thought would be
reachable by them, relative to the analogous point for the
partner). The data also showed that this perception might
vary depending on the familiarisation with the other agent.
However, we acknowledge that these results might also
originate from the mere direction of the object’s movement,
where objects moving away or toward the participants
might influence the perception of the reachable space
attributed to the self and the other agent. Indeed, previous
studies have shown that the position of an object with
respect to an agent might modulate the perception of object
properties and that the spatial processing of visual stimuli
moving toward the reachable space differently modulates
the activity of motor-related brain areas (Di Pellegrino &
Ladavas, 2015; Makin et al., 2009). For example, the effect
of object affordances is stronger in the near compared to the
far space (Costantini, Ambrosini, et al., 2011) and when
objects move toward rather than away from participants
(Anelli et al., 2013). This suggests that the perception of the
reachable space can be modulated by the movement of a
stimulus towards or away from one’s action space (Di
Pellegrino & Ladavas, 2015). Therefore, the results
observed in Experiment 2 could be influenced not only by
the presence of another agent but also by the direction in
which the object’s image moved with respect to the partici-
pants (i.e. towards vs. away from the participants) regard-
less of the social context. To address this alternative
interpretation of our results, we conducted a control experi-
ment (Experiment 2b), in which participants performed the
task alone and judged when the object crossed the hemi-
space of the screen. By removing the social component,
this experiment allowed us to determine whether the

differences observed in Experiment 2 were driven by the
presence of another agent or simply by the movement of
the object itself.

Methods

Participants. Fifteen healthy participants (7 females and
8 males; age range=19-42; mean age=25.86years;
SD== 6.19years; 5 left-handed) took part in the experi-
ment. All participants had normal or corrected-to-nor-
mal visual acuity. All the participants were reimbursed
for their participation. The study was conducted at the
Istituto Italiano di Tecnologia, IIT, Genova, and it was
approved by the local ethical committee (Comitato Etico
Regione Liguria).

Materials and Procedure. The stimuli and the apparatus of
the Control Experiment were the same as in Experiments
1 and 2. Participants were asked to estimate when an
object, displayed as an image on a horizontal screen,
reached half of the hemispace of the screen. Responses
were provided through a black button fixed on the border
of the horizontal screen (in the middle of the border,
34 cm from the edges) and connected to the laptop where
the experiment was run. A trial started with a fixation
cross appearing for 1,500 ms in the centre of the screen
(at a position 0 for the x and y axes, vertical visual angle
63°). Images of objects (displayed with a size of
3650 X 3650 px) could appear in three possible positions
on the screen, and they could start to move towards or
away from the participant. The images could appear
either in the centre of the screen (position 0 for x and y
axis on the screen, vertical visual angle 63°) and started
to move perpendicularly towards (condition ‘Middle
Towards’) or away (condition ‘Middle Away’) the partici-
pants; or they could appear at the opposite edge of the
screen (position 0 for x and —1 y axis on the screen, verti-
cal visual angle 63°) and started to move towards the cen-
tre (condition ‘Far Towards’); or they could appear at the
edge of the screen where the participant was sitting (posi-
tion 0 for x and 1y axis on the screen, vertical visual
angle 63°) and they could start to move away the partici-
pant (condition ‘Close Away’). Figure 2 shows a repre-
sentation of the task. Images moved at a constant speed
(speed of 10cm/s on the y axis). The orientation of the
handle of the object (left or right) was counterbalanced
within trials. Participants were asked to press the button
and to ‘stop’ the object when they thought the object
reached half of each hemispace of the screen, depending
on the direction of the movement. Responses were pro-
vided either with the left or the right hand, and the
response side was counterbalanced across participants.
Participants performed 20 practice trials (5 for each
movement) and then a total of 288 trials divided into 4
experimental blocks (72 trials per block).
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Figure 2. Left: Schematic illustration of the task of Experiment 2b. Arrows indicate the direction of the movement of the objects
(Close Away, Middle Towards, Middle Away and Far Towards). Right: lllustration of a participant performing the task.

Results

To match the number of trials included in Experiment 1, 48
trials were randomly selected from each block for each
participant and analysed. Practice trials and trials above or
below two standard deviations from the overall mean of
each participant’s reaction times were excluded from the
analyses. The remaining averaged trials were analysed
using a 4 (Block) X4 (Movement: Middle Towards,
Middle Away, Far Towards, Close Away) repeated-meas-
ures ANOVA. The Greenhouse—Geisser correction was
applied whenever the sphericity assumption was violated,
and post hoc paired sample ¢-tests were adjusted for multi-
ple comparisons using the Bonferroni correction.

The ANOVA showed a main effect of Movement [F(14,
1.8)=6.501, p=.006, 77,,2: .317], and post-hoc paired sam-
ple t-tests showed that participants were faster when the
object appeared on the opposite side of the table and started
to move towards them (condition Far Towards) compared
to the other movements (Far Towards vs. Close Away:
#(14)=3.201, p=.010; Far Towards vs. Middle Towards:
#(14)=3.905, p=.002; Far Towards vs. Middle Away:
t(14)=3.572, p=.005). Importantly, post hoc paired sam-
ple z-tests did not reveal statistical differences when the
object appeared close or in middle, either when it started to

move towards or away (p >.05) — the two conditions that
most closely resembled the reachability judgement of
Experiments 1 and 2. The main effect of the Block or the
two-way interaction between Block and Movement was
not statistically significant (p>.05) as shown by the
ANOVA. Table 2 shows the participants’ reaction times
averaged across Block and Movement.

Discussion

The control experiment showed that the movement of the
object did not affect the perception of space, as the judge-
ment of the hemispace was similar when the object
appeared in the middle of the screen and started to move
either away or towards the participant. These results
showed that the findings of Experiment 2 are not related to
the movement of the objects and suggest that the effects
are due to the judgement of reachability and the presence
of other agents.

Experiment 3

The results of Experiment 2 and the respective Control
Experiment (Experiment 2b) showed that perception of the
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Table 2. Descriptive Statistics of RTs Depending on Block
and Movement in Experiment 2b.

Block Movement Mean = SD

| Close Away 2.228+0.119
Far Towards 2.143 0.135
Middle Away 2209 +0.137
Middle Towards 2.239+0.168

2 Close Away 2.202 = 0.251
Far Towards 2.138 =0.267
Middle Away 2.221 +0.261
Middle Towards 2.205+0.261

3 Close Away 2223*0.119
Far Towards 2.170+0.153
Middle Away 2.242+0.149
Middle Towards 2214 +0.111

4 Close Away 2.241 =0.147
Far Towards 2.177 +0.156
Middle Away 2271 £0.126
Middle Towards 2.234+0.123

reachable space is different for oneself, compared to per-
ception of reachable space of others. More specifically, the
data indicated that participants perceived their own perip-
ersonal space as larger, compared to the others’ periper-
sonal space. We were then interested in whether similar
mechanisms would also emerge in the interaction with an
artificial agent exhibiting both social presence and motor
repertoire allowing for potential object manipulation. We
conducted Experiment 3 in which participants had to inter-
act with the humanoid robot iCub, programmed to act as a
social agent with a motor repertoire allowing for both but-
ton presses and potential object manipulation (a potential
for reaching and grasping objects).

Methods

Participants. Thirty-six healthy participants (22 females and
14 males; age range=18-44; mean age=24.66years;
SD==* 4.7years; 3 left-handed) took part in Experiment 3.
All participants had normal or corrected-to-normal visual
acuity. All the participants were reimbursed for their par-
ticipation. The study was conducted at the Istituto Italiano
di Tecnologia, IIT, Genova, and it was approved by the
local ethical committee (Comitato Etico Regione Liguria).

Materials and Procedure. The stimuli and the apparatus of
Experiment 3 were the same as Experiment 2. The differ-
ence consisted of using the iCub humanoid robot, instead
of involving another human. Participants were asked to sit
in front of iCub, placed as the participants at 20 cm from
the horizontal screen (distance between the torso and the
edge of the screen). The procedure was identical to Experi-
ment 2. The robot behaviours were implemented to make

the iCub similar to the human partner, that is, the left and
right arms of the robots were programmed to press the
black button fixed on the border of the touch screen. The
response times of the button presses made by iCub for
each trial were randomly selected within two a priori
defined ranges, corresponding to the range of reaction
times of participants of Experiment 2 for each Agent (Self:
1928-3436ms) and the Other (1695-3337ms). Addition-
ally, the robot also had social features: it was programmed
to introduce itself at the beginning of the experiment,
explaining the task and highlighting its capability of mov-
ing arms by saying: ‘Objects will appear on this screen,
and they can move towards you or me. Your task is to press
the button and stop them when you think you, or I, can
reach and grab them with our hand. I will do the experi-
ment with you, with the same rules, and an arrow will indi-
cate whose turn it is. Researchers at IIT have developed
new programs and now [ can move my arms just like you’.
The left panel of Figure 3 illustrates the task. The response
side of both iCub and the participants was counterbalanced
across dyads. Participants performed 20 practice trials (10
for each agent) and then a total of 192 trials (96 per agent)
divided into 4 experimental blocks (48 trials per block).
Prior to the experiment, the participants” height, arm length
(length from shoulder to the extremity of the medium fin-
ger), and the maximum reachable space (i.e. maximal
reachable distance on the screen with the right finger) were
measured in centimetres.

Our dependent variable of interest was participants’ RT
in the reachability judgement task. Importantly, the shorter
the RT (the faster participants responded ‘reachable’), the
larger the representation of the peripersonal space.

Analysis. The preprocessing and statistical analysis
were identical as in Experiment 1.

Results

The 2 X4 repeated-measures ANOVA with the factors
Agent (self vs. iCub), Block (Block 1-4) revealed a main
effect of Agent [F(1, 35)=18.968, p <.001, np2=.434], as
participants were faster when judging the reachability of
the Self reachable space compared to the iCub reachable
space, that is, the Self reachable space was perceived as
larger compared to iCub reachable space (see the right
panel of Figure 3). Differently from Experiment 2, the
ANOVA did not reveal any main effect of the factor Block
(p>.5) or a significant interaction between Block and
Agent factors [F(2)=1.214, p=.308, np2=5.559].
Additionally, correlation coefficients between reaction
times of the reachability judgement task for each agent
(Self, Other) and the participant’s height, arm length and
the maximum reachable space did not indicate any signifi-
cant relationship (p >.05).
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Figure 3. Left: lllustration of the task of Experiment 3. Right: Bar graph illustrating the main effect of the Agent, as participants
were slower when judging iCub’s reachable space compared to the Self reachable space. Bottom: Bar graph illustrating the non-

significant interaction between Block and Agent.

Discussion

The results of Experiment 3 showed a similar pattern to the
results of Experiment 2: participants perceived their own
reachable space as larger, compared to the space attributed
to iCub. This evidence further supports the idea that partici-
pants likely attributed similar motor repertoire to humans
and humanoid artificial agents, able to perform the ability
to manipulate objects. Importantly, our results suggest that,
differently from human—human interactions, interacting
with a humanoid artificial agent does not lead to familiari-
sation, as the difference was not modulated across blocks of
the experimental session. This effect might be due to the
enhanced sense of threat induced by artificial agents, which
might be perceived as less familiar and ambiguous partners
(Castro-Gonzalez et al., 2016; Tachini et al., 2014).

In order to better understand the modulation of periper-
sonal space by social context, we further compared only
the Self condition across Experiments 1, 2, and 3.

Comparison between Experiment |,
2,and 3

Experiments 2 and 3 showed that the extent of the perceived
peripersonal space was different for one’s own peripersonal
space, compared either to the space attributed to another
human or to a humanoid robot able to move and to socially
interact like a human being. To further examine how the
presence of other agents (natural or artificial) affects the per-
ception of one’s peripersonal space, we directly compared
the Self condition of Experiments 1, 2, and 3.
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Figure 4. The bar graph illustrates the main effect of the
Experiment, for the self-reachable space. Post-hoc paired
sample t-tests indicated that participants extended their self-
reachable space when alone compared to when they interacted
with human agents and with iCub. There was no significant
difference between human partners and iCub. Significant
comparisons are flagged with the asterisk.

Our dependent variable of interest was participants’ RT
in the reachability judgement task. Importantly, the shorter
the RT (the faster participants responded ‘reachable’), the
larger the representation of the peripersonal space.

Results

Only trials of the Self condition were used for the compari-
son between Experiments 1, 2, and 3. Data were analysed
using a mixed ANOVA with repeated-measures factors
Block (Blocks 1-4) and as between-subjects factor
Experiment. The Greenhouse—Geisser correction was
applied whenever the sphericity assumption was violated,
and post hoc paired sample #-tests were adjusted for multi-
ple comparisons using the Bonferroni correction.

The ANOVA revealed a main effect of Experiment
[F(2)=63.624, p<.001, TI,,2:~546» see Figure 4] as par-
ticipants’ perception of reachable space appeared to be
smaller when they performed the task either in presence of
a human partner (#(105)=10.396, p<.001) or with iCub
(#(105)=8.990, p<.001) compared to when alone.
Importantly, there was no significant difference in the per-
ception of the self-reachable space between the conditions
of when the task was performed in the presence of a human
partner or iCub (p=.163). The ANOVA did not show any
significant effect of Block (p > .05) or interaction between
Block and Experiments (p >.05).

The main finding of the comparison between the self-
reachability judgement trials of Experiments 1, 2, and 3 is
that the presence of others alters the peripersonal space

compared to when alone. However, the most important
finding of the comparison between Experiments 1, 2, and
3 is that the peripersonal space perception is similar when
interacting with human partners and with humanoid robots
that are shown as able to move and to socially interact.
This suggests that robots are recognised as agents to the
same extent as other humans, especially when they are
perceived as able to interact socially and to produce
human-like behaviours.

The enlargement of the participant’s own peripersonal
space when alone compared to when in the presence of
other agents is in line with previous literature showing a
common overestimation bias of the actual, possible reach-
ability (Fischer, 2000; Mark et al., 1997). According to this
effect, individuals tend to perceive objects that are not
within their actual possibility of reach as reachable, indi-
cating that actual motor experience and conscious repre-
sentations of the world do not necessarily match
(Ambrosini et al., 2012). Therefore, it is possible that this
bias might play a role when alone; whereas in the presence
of other agents, participants take into account the action
space of the partner, therefore restricting their own.

General Discussion

The present study aimed to investigate whether the pres-
ence of other humans and embodied humanoid robots sim-
ilarly modulates the peripersonal space representation. To
this aim, we employed the reachability judgement task,
which is thought to involve the simulation of a reaching
action towards a manipulable object whose spatial position
is coded in motor terms (Bartolo, Coello, et al., 2014;
Coello et al., 2008). In Experiment 1, we asked partici-
pants to judge the reachability of a moving object dis-
played as an image on a horizontal screen, as a baseline to
evaluate the extent of participant’s perceived peripersonal
space. In order to examine whether the peripersonal space
is similarly affected by the presence of other humans and
artificial agents, in Experiments 2 and 3, participants per-
formed the task with a human (Experiment 2) or an artifi-
cial humanoid robot (Experiment 3). Experiment 2b was
run as a control experiment to test whether the observed
effects are not due to the physical characteristics of the
task. In Experiment 2, dyads of human participants were
asked to judge the reachability of an object both for them-
selves and for the partner. In Experiment 3, we replaced
the human participants of Experiment 2 with the robot
iCub, presented to participants as capable of manual move-
ments and of exhibiting social behaviours. The results of
Experiment 2 showed that participants perceived their own
reachable space as larger compared to their partners.
Interestingly, this pattern was similarly observed in
Experiment 3, as participants attributed more space to
themselves compared to the space attributed to iCub.
Consistently, the comparison across experiments
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(self-condition only) showed that the presence of other
agents — either natural (humans) or artificial (robots) —
modulates perception of one’s own peripersonal space,
compared to when alone. This suggests that robots are per-
ceived as agents endowed with a motor repertoire similar
to human agents.

The findings of Experiment 2 showed that participants
perceived as different their own peripersonal space com-
pared to the space attributed to another human partner.
This is consistent with previous studies showing how the
presence of other acting bodies induces a ‘remapping’ of
the peripersonal space (Fini et al., 2014; Saccone et al.,
2018). For example, Fini et al. (2014) reported that, com-
pared to the presence of an object, the mere presence of
another ‘body’ in the visual scene enlarged the space per-
ceived as ‘near’. Saccone et al. (2018) showed that when
participants were alone, objects elicited the congruence
effect, that is, faster reaction times when the side of the
response matched the orientation of the object, both for
objects placed in the peripersonal and in the extrapersonal
space. Instead, when participants performed the task in the
presence of a confederate, the congruence effect appeared
only for objects located in the peripersonal space, indicat-
ing that participants took into consideration the action
space of another agent. The present results further suggest
that the peripersonal space plasticity is influenced by the
social context (Bogdanova et al., 2021; Coello & Iachini,
2020; Graziano & Cooke, 20006).

Importantly, the findings of Experiment 3 similarly
showed that participants perceived their own peripersonal
space as larger, compared to the space attributed to iCub.
This suggests that participants’ own peripersonal space
was affected by the presence of another agent, regardless
of whether the other agent was a human or a robot per-
ceived as able to move and behave like a human partner.
These results are in line with evidence showing that robot’s
movements can trigger the simulation of a motor represen-
tation during action observation comparable to human
actions (Hofree et al., 2015; Oberman et al., 2007; Oztop
et al., 2004; Wykowska et al., 2014), and they are per-
ceived similarly to humans in joint action paradigms
(Bunlon et al., 2018). The present study extends previous
findings, showing that the actual presence of humanoid
robots able to move and socially interact affects a repre-
sentation of one’s peripersonal space similarly to the way
the presence of another human affects perception of one’s
own peripersonal space. This might indicate that partici-
pants take into account the actual motor repertoire of iCub
and that the space surrounding its reachable area is coded
in similar motor terms as that of other humans.

The comparison between the data of Experiments 1, 2,
and 3 further suggests that human and artificial agents are
similarly perceived and that the social context modulates
our space perception. As indicated by the analysis, partici-
pants’ own reachable space was perceived as smaller when

in the presence of another human or of a human-like artifi-
cial agent, relative to when they were alone. It is worth
noting that in Experiment 1, we observed a positive cor-
relation between the participants arm length and their per-
ceived reachable space, in line with the view that the
representation of the peripersonal space reflects one’s
capabilities to act on objects placed within this space
(Costantini, Ambrosini, et al., 2011). However, this find-
ing was not systematically observed in Experiments 2 and
3, in which participants performed the reachability judg-
ment task for both themselves and for another social agent.
Although this result appears in contrast with the findings
of Experiment 1, previous literature has consistently
reported a mismatch between one’s actual capability to
reach for an object and the reachability estimation.
(Fischer, 2000; Mark et al., 1997). This indicates that
actual motor experience and motor representations do not
necessarily match (Ambrosini et al., 2012). In line with
this account, Ambrosini et al. (2012) showed that actual
reachable space and perceived reachable space are disso-
ciable. They found that participants were faster with both
function and manipulation verbs when objects were pre-
sented in the actual compared to the perceived reaching
space. This finding suggests that the direct, actual experi-
ence of world, is not necessarily reflected in conscious
estimations or mental representation (Ambrosini et al.,
2012). Therefore, our results would support a dissociation
between actual physical constraints and mental representa-
tion when participants are in the presence of another agent.
Indeed, the significant positive correlation between arm
length and perceived reachable space found only when
participants performed the task alone, but not in presence
of another agent, suggests that the social dimension might
play a critical role in the processing of peripersonal space
representation. This is furthermore in line with prior
research showing that individuals adjust their own space
representations based on the presence and perceived capa-
bilities of others (Teneggi et al., 2013; lachini et al., 2014;
see also Di Pellegrino & Ladavas, 2015). For example,
Teneggi et al. (2013) showed that the extent of the periper-
sonal space perception was reduced in the presence of
other human individuals compared to objects. This would
suggest that in the presence of others, we encode in our
representation of the surrounding space their action possi-
bilities (Fini et al., 2015; Iachini & Ruggiero, 2021).
Consistently, our findings indicated that participants took
in consideration the action space of the other agent and
reduced their own action space, compared to when alone,
presumably in order to ‘grant’ more space to the other part-
ners who also have the capability to act in the environ-
ment. Importantly, the data indicate no significant
differences between the perceived peripersonal space
when participants interacted with a human partner or with
the robot iCub. This finding is strongly suggestive of an
attribution of action possibilitics and of a ‘motor’ agency
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to artificial agents, which might have been triggered by the
embodiment iCub, which furthermore displayed motor
and social behaviour. In conjunction with the anthropo-
morphic appearance and the physical action performed by
iCub, we cannot exclude that also the presence of verbal
behaviour might have played a role in the attribution of a
human-like motor repertoire and agency to the robot.
Taken together, the pattern of results of our study is not
straightforward. On the one hand, participants’ perception
of their own peripersonal space was larger, compared to
that of their interaction partner (human or robot). On the
other hand, however, when comparing the perception of
one’s own peripersonal space across experiments, the
results showed that largest own peripersonal space was
perceived when performing the task alone, relative to
social contexts. One speculative interpretation of this pat-
tern of results is that two mechanisms might be at stake,
underlying the observed phenomena. One mechanism
would be responsible for reducing one’s own peripersonal
space in the presence of others (when compared to being
alone), in order to account for others’ action possibilities,
and in order to ‘provide’ others with space in which the
others can exercise their action capabilities, as explained
above. The second mechanism would make one’s own
peripersonal space appear larger, when compared to the
perception of peripersonal space of others. This could be
presumably explained by the willingness to cooperate with
others in social contexts. Indeed, it has been reported that
the boundaries of the reachable space enlarge after the
experience of cooperation with other agents compared to
non-cooperative interactions (Dell’Anna et al., 2021;
Pellencin et al., 2018; Teneggi et al., 2013), when partici-
pants interact with human avatars presented as a moral
character rather than immoral ones (Pellencin et al., 2018)
and after cooperative tool use tasks (Patané et al., 2017).
Accordingly, our results suggest that a positive social atti-
tude toward the partner might have modulated the repre-
sentation of the peripersonal space. Indeed, as observed in
Experiment 2, in the second half of the experimental
blocks the reachable distance attributed to the self and to
the other agent became similar. This pattern resembles the
effect found by Teneggi et al. (2013) who showed that after
a cooperative interaction in which participants received a
fair payoff, the self and the other reachable space merged.
Accordingly, our findings could indicate that after a period
of familiarisation, participants processed spatial locations
more efficiently and adjusted the extent of action space of
their own and of the other, as a consequence of a positive
attitude developed toward the partner. Interestingly, differ-
ently from Experiment 2, no effect of the experimental
blocks was found in Experiment 1 or 3. The absence of this
finding when the participants judged their reachable space
alone (Experiment 1) suggests that the task itself did not
induce faster reaction times across the session due to a
general practice effect. More importantly, this pattern was

not observed when interacting with an artificial agent.
Indeed, in Experiment 2, the difference between the space
attributed to the self and to iCub did not change across the
experimental session. The dissociation between human—
human and human-robot interaction provides the strongest
evidence that peripersonal space perception is socially
modulated. Whereas interacting with a human partner led
to a progressive alignment of self and other reachable
spaces across experimental blocks, interacting with an arti-
ficial agent robot did not elicit such modulation. This could
indicate that participants were not susceptible to any famil-
iarisation with robots, which might represent an ambigu-
ous (and presumably less trustworthy) partner compared to
a human agent.

When considering those two mechanisms together, it
appears that they actually might both be facilitating social
interactions and cooperation: when we encounter others,
we reduce our own peripersonal space (compared to being
alone) in order to account for others’ own action capaci-
ties. Simultaneously, we perceive our own peripersonal
space as larger than that of the others’, which encourages
cooperation? and, for example, joint manipulation activi-
ties. This speculative interpretation of our results, postulat-
ing two mechanisms (consistent with each other) needs to
be further tested in future research.

An interesting alternative explanation for the present
findings, though speculative, relates to the audience effect
(Triplett, 1898), a well-documented phenomenon whereby
individuals modify their behaviour when they are observed,
or believe they are being observed, by others. A large body
of research has indeed demonstrated that physical perfor-
mance (Wann & Hackathorn, 2019), gaze behaviour
(Laidlaw et al., 2011), emotional facial expressions (Phaf
& Rotteveel, 2024) and prosocial behaviour (Cadiigueral &
Hamilton, 2019) when people are being watched, or
believe to being watched, by someone else (see Hamilton
& Lind, 2016). While multiple theories have been pro-
posed to account for this effect across different contexts, it
is generally attributed to the motivation to present a favour-
able image of the self to other individuals (cfr. Hamilton &
Lind, 2016). In the present study, it is possible that the pro-
gressive adjustment of the space attributed to the self and
other agent observed in Experiment 2, arose from partici-
pants’ awareness of being watched — and potentially judged
— by their partner. This tendency may have driven indi-
viduals to modify their spatial judgments to convey a posi-
tive impression or a prosocial disposition. Conversely, this
effect did not emerge in interactions with the humanoid
robot iCub, as shown by the absence of changes in the esti-
mation of the reachable space for the self and for iCub
across the experimental session. The lack of this modula-
tion suggests that participants were not concerned with
being observed or judged by an artificial agent.

It is important to acknowledge that the present study
primarily examined how individuals’ perception of
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peripersonal space is influenced by interactions with
human versus humanoid agents. Consequently, several
methodological limitations should be outlined. First, the
study did not systematically assess the impact of partici-
pants’ physical characteristics on the estimation of reach-
able space. Given the potential relevance of these factors
for understanding peripersonal space representation in
social contexts, future research should consider their influ-
ence. Second, to specifically investigate the estimation of
reachable space, a between-subjects design was employed
to minimise potential influences of beliefs or attitudes aris-
ing from prior interactions with either a human partner or
the robot iCub. Future studies may explore this aspect fur-
ther by incorporating a familiarisation phase or adopting a
within-subjects design to better understand the representa-
tion of peripersonal space in human-human versus human-
robot interactions. Third, the study did not systematically
examine the influence of the audience effect or individual
differences in susceptibility to social evaluation, both of
which warrant further investigation in future research.
Finally, it should be noted that the differences in reaction
times across Experiments 1, 2, and 3 may also be influ-
enced by differences in task structure. Whereas Experiment
1 consisted exclusively of Go trials, requiring participants
to attend to a single cue, Experiments 2 and 3 employed a
Go/No-Go paradigm, which required participants to pro-
cess two cues and thus imposed greater cognitive load.
This methodological difference may have contributed to
the longer reaction times in Experiments 2 and 3 and could
partly account for the lack of differences between human
and robot conditions. Future studies could more directly
address this potential confound by including a Solo condi-
tion with a Go/No-Go design, matching the structure of
Experiments 2 and 3.

In conclusion, the present work provides evidence that
the interaction with other humans or embodied artificial
agents influences the perception of our own peripersonal
space. Furthermore, the data suggest that we process simi-
larly the reachable space of humans and robots that exhibit
human-like motor and social behaviours. These similari-
ties might indicate that artificial agents might be perceived
as intentional agents, and their motor repertoire might acti-
vate motor simulative processes in humans. Additionally,
we propose that the perception of the peripersonal space is
remapped by social mechanisms, which might be at play
when in the presence of other agents.
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Notes

1. The original design included five experiments. Experiment
5 aimed to further investigate whether the absence of motor
repertoire but the presence of social behaviour (operation-
alised as verbal behaviour) in humanoid robots modulates
the perception of the peripersonal space. However, due to a
confounding variable (inconsistent information given by the
humanoid robot via verbal communication), Experiment 5
is not included in this paper. For the reasons of transparency,
we report the experiment in the Supplementary Materials
section.

2. In literature, an alternative explanation has been offered
to explain the phenomenon of larger perceived periper-
sonal space for oneself compared to others. This explana-
tion refers to the defensive mechanisms. According to the
account supporting the role of a defensive mechanism,
the peripersonal space might represent both a space for
action and a protective boundary (Graziano & Cooke,
2006; Bogdanova et al., 2021; Coello & Iachini, 2020).
Consistently, several brain imaging evidence have shown
that brain areas recruited for the peripersonal space repre-
sentation and for defensive responses overlap (Holt et al.,
2014; Viera, Pierzchajlo and Mitchell, 2020; Zanini et al.,
2021). For example, Viera et al. (2020) reported that areas
typically involved in the peripersonal space representation,
namely premotor and parietal areas, are similarly activated
when the peripersonal space is approached by threatening
social stimuli, compared to non-social ones. Gianelli et al.
(2013) showed that participants respond faster to objects
when sitting near unfamiliar partners compared to familiar
ones. Additionally, studies employing virtual avatars have
shown that participants enlarged their peripersonal space
when responding to negative emotional stimuli (Ruggiero
et al., 2017, 2021), when interacting with males’ compared
to females’ characters (lachini et al., 2016) and when inter-
acting with immoral rather than moral virtual confeder-
ates (lachini, Pagliaro & Ruggiero, 2015). This evidence
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would suggest that the expansion of the peripersonal space
might signal a defensive mechanism from external threats
or invaders. However, given the results of the comparison
of representation of one’s own peripersonal space across
experiments of the present study (including the solo condi-
tion), this interpretation is less consistent with our results, as
it would be rather implausible that the defence mechanisms
would be activated to the highest extent (making the per-
ceived peripersonal space largest) when one performs the
task alone.

References

Ambrosini, E., Scorolli, C., Borghi, A. M., & Costantini, M.
(2012). Which body for embodied cognition? Affordance
and language within actual and perceived reaching space.
Consciousness and Cognition, 21(3), 1551-1557.

Anelli, F., Nicoletti, R., Bolzani, R., & Borghi, A. M. (2013).
Keep away from danger: Dangerous objects in dynamic and
static situations. Frontiers in Human Neuroscience, 7, 344.

Bartolo, A., Carlier, M., Hassaini, S., Martin, Y., & Coello, Y.
(2014). The perception of peripersonal space in right and
left brain damage hemiplegic patients. Frontiers in Human
Neuroscience, 8, 3.

Bartolo, A., Coello, Y., Edwards, M. G., Delepoulle, S., Endo,
S., & Wing, A. M. (2014). Contribution of the motor sys-
tem to the perception of reachable space: An fMRI study.
European Journal of Neuroscience, 40(12), 3807-3817.

Bertonatti, M., Weymar, M., Sommer, W., & Fischer, M. H.
(2021). Reaching out for food: How food incentives modu-
late peripersonal space perception. Journal of Cognition,
4(1), 21.

Bogdanova, O. V., Bogdanov, V. B., Dureux, A., Farne, A.,
& Hadj-Bouziane, F. (2021). The Peripersonal Space in a
social world. Cortex, 142, 28-46.

Brodeur, M. B., Dionne-Dostie, E., Montreuil, T., & Lepage, M.
(2010). The Bank of Standardized Stimuli (BOSS), a new
set of 480 normative photos of objects to be used as visual
stimuli in cognitive research. PloS one, 5(5), €10773.

Brozzoli, C., Cardinali, L., Pavani, F., & Farn¢, A. (2010).
Action-specific  remapping of peripersonal  space.
Neuropsychologia, 48(3), 796-802.

Brozzoli, C., Makin, T. R., Cardinali, L., Holmes, N. P., & Farné,
A. (2011). Peripersonal space: A multisensory interface for
body-object interactions. In M. M. Murray, & & M. T.
Wallace (Eds.), The neural bases of multisensory processes.
CRC Press/Taylor & Francis.

Buccino, G., Lui, F., Canessa, N., Patteri, 1., Lagravinese, G.,
Benuzzi, F., Porro, C. A., & Rizzolatti, G. (2004). Neural
circuits involved in the recognition of actions performed
by nonconspecifics: An fMRI study. Journal of Cognitive
Neuroscience, 16(1), 114-126.

Bunlon, F., Gazeau, J. P., Colloud, F., Marshall, P. J., & Bouquet,
C. A. (2018). Joint action with a virtual robotic vs. human
agent. Cognitive Systems Research, 52, 816-827.

Caggiano, V., Fogassi, L., Rizzolatti, G., Thier, P., & Casile,
A. (2009). Mirror neurons differentially encode the perip-
ersonal and extrapersonal space of monkeys. Science,
324(5925), 403-406.

Candidi, M., Urgesi, C., lonta, S., & Aglioti, S. M. (2008).
Virtual lesion of ventral premotor cortex impairs visual

perception of biomechanically possible but not impossible
actions. Social Neuroscience, 3(3—4), 388-400.

Caiiigueral, R., & Hamilton, A. F. D. C. (2019). Being watched:
Effects of an audience on eye gaze and prosocial behaviour.
Acta Psychologica, 195, 50-63.

Canzoneri, E., Magosso, E., & Serino, A. (2012). Dynamic
sounds capture the boundaries of peripersonal space repre-
sentation in humans. PLOS ONE, 7(9), ¢44306.

Canzoneri, E., Ubaldi, S., Rastelli, V., Finisguerra, A., Bassolino,
M., & Serino, A. (2013). Tool-use reshapes the boundaries of
body and peripersonal space representations. Experimental
Brain Research, 228, 25-42.

Cardinali, L., Brozzoli, C., Urquizar, C., Salemme, R., Roy,
A. C., & Farne, A. (2011). When action is not enough:
Tool-use reveals tactile-dependent access to body schema.
Neuropsychologia, 49(13), 3750-3757.

Cardinali, L., Jacobs, S., Brozzoli, C., Frassinetti, F., Roy, A. C.,
& Farne, A. (2012). Grab an object with a tool and change
your body: Tool-use-dependent changes of body representa-
tion for action. Experimental Brain Research, 218,259-271.

Castro-Gonzalez, A., Admoni, H., & Scassellati, B. (2016).
Effects of form and motion on judgments of social robots’
animacy, likability, trustworthiness and unpleasantness.
International Journal of Human-Computer Studies, 90,
27-38.

Cléry, J., Guipponi, O., Wardak, C., & Hamed, S. B. (2015).
Neuronal bases of peripersonal and extrapersonal spaces,
their plasticity and their dynamics: Knowns and unknowns.
Neuropsychologia, 70, 313-326.

Coello, Y., Bartolo, A., Amiri, B., Devanne, H., Houdayer, E., &
Derambure, P. (2008). Perceiving what is reachable depends
on motor representations: Evidence from a transcranial
magnetic stimulation study. PLOS ONE, 3(8), ¢2862.

Coello, Y., & Iachini, T. (2020). The social dimension of perip-
ersonal space. In F. de Vignemont, A. Serino, H. Y. Wong,
& A. Farné (Eds.), The world at our fingertips: A multidis-
ciplinary exploration of peripersonal space (pp. 267-284).
Oxford University Press.

Colby, C. L., & Duhamel, J. R. (1996). Spatial representations
for action in parietal cortex. Cognitive Brain Research,
5(1-2), 105-115.

Colby, C. L., Duhamel, J. R., & Goldberg, M. E. (1993). Ventral
intraparietal area of the macaque: Anatomic location and
visual response properties. Journal of Neurophysiology,
69(3), 902-914.

Costantini, M., Ambrosini, E., Scorolli, C., & Borghi, A. M.
(2011). When objects are close to me: Affordances in the
peripersonal space. Psychonomic Bulletin & Review, 18,
302-308.

Costantini, M., Committeri, G., & Sinigaglia, C. (2011). Ready
both to your and to my hands: Mapping the action space of
others. PLOS ONE, 6(4), €17923.

Cardellicchio, P., Sinigaglia, C., & Costantini, M. (2013).
Grasping affordances with the other’s hand: a TMS study.
Social Cognitive and Affective Neuroscience, 8(4), 455-459.

Cross, E. S., Kraemer, D. J., Hamilton, A. F. D. C., Kelley,
W. M., & Grafton, S. T. (2009). Sensitivity of the action
observation network to physical and observational learning.
Cerebral Cortex, 19(2), 315-326.

Cross, E. S., Liepelt, R., de C. Hamilton, A. F., Parkinson, J.,
Ramsey, R., Stadler, W., & Prinz, W. (2012). Robotic



Quarterly Journal of Experimental Psychology 00(0)

movement preferentially engages the action observation
network. Human Brain Mapping, 33(9), 2238-2254.

Decety, J., & Grezes, J. (2006). The power of simulation:
Imagining one’s own and other’s behavior. Brain Research,
1079(1), 4-14.

Dell’Anna, A., Rosso, M., Bruno, V., Garbarini, F., Leman, M.,
& Berti, A. (2021). Does musical interaction in a jazz duet
modulate peripersonal space?. Psychological Research, 85,
2107-2118.

de Vignemont, F., & lannetti, G. D. (2015). How many periper-
sonal spaces?. Neuropsychologia, 70, 327-334.

Di Pellegrino, G., & Ladavas, E. (2015). Peripersonal space in
the brain. Neuropsychologia, 66, 126—133.

Fini, C., Brass, M., & Committeri, G. (2015). Social scaling of
extrapersonal space: Target objects are judged as closer
when the reference frame is a human agent with available
movement potentialities. Cognition, 134, 50-56.

Fini, C., Costantini, M., & Committeri, G. (2014). Sharing space:
The presence of other bodies extends the space judged as
near. PLOS ONE, 9(12), e114719.

Fischer, M. H. (2000). Estimating reachability: Whole body
engagement or postural stability?. Human Movement
Science, 19(3), 297-318.

Fogassi, L., Gallese, V., Fadiga, L., Luppino, G., Matelli, M., &
Rizzolatti, G. (1996). Coding of peripersonal space in infe-
rior premotor cortex (area F4). Journal of neurophysiology,
76(1), 141-157.

Gallese, V. (2007). Before and below “theory of mind”:
Embodied simulation and the neural correlates of social
cognition. Philosophical Transactions of the Royal Society
B: Biological Sciences, 362(1480), 659—669.

Gallese, V., Keysers, C., & Rizzolatti, G. (2004). A unifying
view of the basis of social cognition. Trends in Cognitive
Sciences, 8(9), 396-403.

Gallivan, J. P., Cavina-Pratesi, C., & Culham, J. C. (2009). Is that
within reach? fMRI reveals that the human superior pari-
eto-occipital cortex encodes objects reachable by the hand.
Journal of Neuroscience, 29(14), 4381-4391.

Gianelli, C., Scorolli, C., & Borghi, A. M. (2013). Acting in
perspective: The role of body and language as social tools.
Psychological Research, 77, 40-52.

Gigliotti, M. F., Soares Coelho, P., Coutinho, J., & Coello, Y.
(2021). Peripersonal space in social context is modulated
by action reward, but differently in males and females.
Psychological Research, 85, 181-194.

Grabarczyk, P., & Pokropski, M. (2016). Perception of
affordances and experience of presence in virtual real-
ity. AVANT. Trends in Interdisciplinary Studies, VII(2),
25-44.

Grade, S. A., Presenti, M., & Martin, E. G. (2012). Influence
of action execution on reachability and distance perception.
Frontiers in Human Neuroscience, 6.

Grafton, S. T., Arbib, M. A., Fadiga, L., & Rizzolatti, G. (1996).
Localization of grasp representations in humans by positron
emission tomography: 2. Observation compared with imagi-
nation. Experimental Brain Research, 112, 103—111.

Graziano, M. S., & Cooke, D. F. (2006). Parieto-frontal
interactions, personal space, and defensive behavior.
Neuropsychologia, 44(13), 2621-2635.

Graziano, M. S., & Gross, C. G. (1993). A bimodal map of space:
Somatosensory receptive fields in the macaque putamen
with corresponding visual receptive fields. Experimental
Brain Research, 97, 96-109.

Graziano, M. S., Yap, G. S., & Gross, C. G. (1994). Coding
of visual space by premotor neurons. Science, 266(5187),
1054-1057.

Hamilton, A. F. D. C., & Lind, F. (2016). Audience effects: What
can they tell us about social neuroscience, theory of mind
and autism?. Culture and Brain, 4(2), 159—-177.

Heyes, C. (2010). Where do mirror neurons come from?
Neuroscience & Biobehavioral Reviews, 34(4), 575-583.

Hofree, G., Urgen, B. A., Winkielman, P., & Saygin, A. P.
(2015). Observation and imitation of actions performed by
humans, androids, and robots: An EMG study. Frontiers in
Human Neuroscience, 9, 364.

Holmes, N. P., & Spence, C. (2004). The body schema and mul-
tisensory representation (s) of peripersonal space. Cognitive
Processing, 5(2), 94-105.

Holt, D. J., Cassidy, B. S., Yue, X., Rauch, S. L., Boeke, E. A.,
Nasr, S., Tootell, R. B. H., & Coombs, G. (2014). Neural cor-
relates of personal space intrusion. Journal of Neuroscience,
34(12), 4123-4134.

Iachini, T., Ruggiero, G., Ruotolo, F., & Vinciguerra, M. (2014).
Motor resources in peripersonal space are intrinsic to spa-
tial encoding: Evidence from motor interference. Acta
Psychologica, 153, 20-27.

lachini, T., Coello, Y., Frassinetti, F., & Ruggiero, G. (2014).
Body space in social interactions: A comparison of reach-
ing and comfort distance in immersive virtual reality. PLOS
ONE, 9(11), el 11511.

Tachini, T., Coello, Y., Frassinetti, F., Senese, V. P., Galante, F.,
& Ruggiero, G. (2016). Peripersonal and interpersonal space
in virtual and real environments: Effects of gender and age.
Journal of Environmental Psychology, 45, 154—164.

lachini, T., Pagliaro, S., & Ruggiero, G. (2015). Near or far? It
depends on my impression: Moral information and spatial
behavior in virtual interactions. Acta Psychologica, 161,
131-136.

lachini, T., & Ruggiero, G. (2021). Can I put myself in your
shoes? Sharing peripersonal space reveals the simulation
of the action possibilities of others. Experimental Brain
Research, 239(3), 1035-1045.

Kilteni, K., Normand, J. M., Sanchez-Vives, M. V., & Slater, M.
(2012). Extending body space in immersive virtual reality:
A very long arm illusion. PLOS ONE, 7(7), e40867.

Kupferberg, A., Huber, M., Helfer, B., Lenz, C., Knoll, A., &
Glasauer, S. (2012). Moving just like you: Motor interfer-
ence depends on similar motility of agent and observer.
PLOS ONE, 7(6), €39637.

Ladavas, E., & Serino, A. (2008). Action-dependent plas-
ticity in peripersonal space representations. Cognitive
Neuropsychology, 25(7-8), 1099-1113.

Laidlaw, K. E., Foulsham, T., Kuhn, G., & Kingstone, A. (2011).
Potential social interactions are important to social atten-
tion. Proceedings of the National Academy of Sciences,
108(14), 5548-5553.

Liepelt, R., Cramon, D., & Brass, M. (2008). What is matched
in direct matching? Intention attribution modulates motor



Mustile et al.

17

priming. Journal of Experimental Psychology: Human
Perception and Performance, 34(3), 578.

Liepelt, R., Prinz, W., & Brass, M. (2010). When do we simulate
non-human agents? Dissociating communicative and non-
communicative actions. Cognition, 115(3), 426—434.

Makin, T. R., Holmes, N. P., Brozzoli, C., Rossetti, Y., & Farne,
A. (2009). Coding of visual space during motor prepara-
tion: Approaching objects rapidly modulate corticospi-
nal excitability in hand-centered coordinates. Journal of
Neuroscience, 29(38), 11841-11851.

Maravita, A., Spence, C., Kennett, S., & Driver, J. (2002).
Tool-use changes multimodal spatial interactions between
vision and touch in normal humans. Cognition, 83(2),
B25-B34.

Mark, L. S., Nemeth, K., Gardner, D., Dainoff, M. J., Paasche,
J., Duffy, M., & Grandt, K. (1997). Postural dynamics and
the preferred critical boundary for visually guided reaching.
Journal of Experimental Psychology: Human Perception
and Performance, 23(5), 1365.

Mechan, M., Razzaque, S., Insko, B., Whitton, M., & Brooks, F.
P. (2005). Review of four studies on the use of physiological
reaction as a measure of presence in stressful virtual envi-
ronments. Applied Psychophysiology and Biofeedback, 30,
239-258.

Metta, G., Natale, L., Nori, F., Sandini, G., Vernon, D., Fadiga,
L., von Hofsten, C., Rosander, K., Lopes, M., Santos-
Victor, J., Bernardino, A., & Montesano, L. (2010). The
iCub humanoid robot: An open-systems platform for
research in cognitive development. Neural Networks,
23(8-9), 1125-1134.

Oberman, L. M., McCleery, J. P., Ramachandran, V. S., &
Pineda, J. A. (2007). EEG evidence for mirror neuron activ-
ity during the observation of human and robot actions:
Toward an analysis of the human qualities of interactive
robots. Neurocomputing, 70(13—15), 2194-2203.

Ogawa, N., Narumi, T., & Hirose, M. (2018, March). Object
size perception in immersive virtual reality: Avatar real-
ism affects the way we perceive. 2018 IEEE conference on
virtual reality and 3d user interfaces (vr) (pp. 647-648).
IEEE.

Oztop, E., Chaminade, T., & Franklin, D. W. (2004,
November). Human-humanoid interaction: Is a humanoid
robot perceived as a human?. 4¢th IEEE/RAS International
Conference on Humanoid Robots, 2004. (Vol. 2, pp. 830—
841). IEEE.

Patané, 1., Farne, A., & Frassinetti, F. (2017). Cooperative tool-
use reveals peripersonal and interpersonal spaces are dis-
sociable. Cognition, 166, 13-22.

Patané, 1., Brozzoli, C., Koun, E., Frassinetti, F., & Farne, A.
(2021). Me, you, and our object: Peripersonal space recruit-
ment during executed and observed actions depends on
object ownership. Journal of Experimental Psychology:
General, 150(7), 1410.

Pellencin, E., Paladino, M. P., Herbelin, B., & Serino, A. (2018).
Social perception of others shapes one’s own multisensory
peripersonal space. Cortex, 104, 163—179.

Phaf, R. H., & Rotteveel, M. (2024). An audience facilitates
facial feedback: A social-context hypothesis reconciling
original study and nonreplication. Psychological Reports,
127(6), 3170-3189.

Press, C., Bird, G., Flach, R., & Heyes, C. (2005). Robotic move-
ment elicits automatic imitation. Cognitive Brain Research,
25(3), 632-640.

Quesque, F., Ruggiero, G., Mouta, S., Santos, J., lachini, T., &
Coello, Y. (2017). Keeping you at arm’s length: Modifying
peripersonal space influences interpersonal distance.
Psychological Research, 81, 709-720.

R Core Team (2020) R: A Language and Environment for
Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria. https://www.r-project.org/

Ramnani, N., & Miall, R. C. (2004). A system in the human brain
for predicting the actions of others. Nature Neuroscience,
7(1), 85-90.

Rizzolatti, G., Cattaneo, L., Fabbri-Destro, M., & Rozzi, S.
(2014). Cortical mechanisms underlying the organization of
goal-directed actions and mirror neuron-based action under-
standing. Physiological Reviews, 94(2), 655-706.

Rizzolatti, G., & Craighero, L. (2004). The mirror-neuron sys-
tem. Annual Review of Neuroscience, 27, 169—192.

Rizzolatti, G., Fadiga, L., Fogassi, L., & Gallese, V. (1997). The
space around us. Science, 277(5323), 190-191.

Rizzolatti, G.,Fogassi, L., & Gallese, V.(2001). Neurophysiological
mechanisms underlying the understanding and imitation of
action. Nature Reviews Neuroscience, 2(9), 661-670.

Rizzolatti, G., Scandolara, C., Matelli, M., & Gentilucci,
M. (1981). Afferent properties of periarcuate neu-
rons in macaque monkeys. I. Somatosensory responses.
Behavioural Brain Research, 2(2), 125-146.

Rizzolatti, G., & Sinigaglia, C. (2010). The functional role of the
parieto-frontal mirror circuit: interpretations and misinter-
pretations. Nature Reviews Neuroscience, 11(4), 264-274.

Ruggiero, G., Frassinetti, F., Coello, Y., Rapuano, M., Di Cola,
A. S., & lachini, T. (2017). The effect of facial expressions
on peripersonal and interpersonal spaces. Psychological
research, 81, 1232-1240.

Ruggiero, G., Rapuano, M., Cartaud, A., Coello, Y., & lachini, T.
(2021). Defensive functions provoke similar psychophysi-
ological reactions in reaching and comfort spaces. Scientific
Reports, 11(1), 5170.

Saccone, E. J., Szpak, A., Churches, O., & Nicholls, M. E.
(2018). Close interpersonal proximity modulates visuomo-
tor processing of object affordances in shared, social space.
Attention, Perception, & Psychophysics, 80, 54-68.

Senna, 1., Cardinali, L., Farn¢, A., & Brozzoli, C. (2019). Aim
and plausibility of action chains remap peripersonal space.
Frontiers in Psychology, 10, 1681.

Teneggi, C., Canzoneri, E., di Pellegrino, G., & Serino, A.
(2013). Social modulation of peripersonal space boundaries.
Current Biology, 23(5), 406-411.

Tieri, G., Tidoni, E., Pavone, E. F., & Aglioti, S. M. (2015). Mere
observation of body discontinuity affects perceived owner-
ship and vicarious agency over a virtual hand. Experimental
Brain Research, 233, 1247-1259.

Toussaint, L., Wamain, Y., Bidet-Ildei, C., & Coello, Y. (2020).
Short-term upper-limb immobilization alters peripersonal
space representation. Psychological Research, 84(4), 907—
914.

Triplett, N. (1898). The dynamogenic factors in pacemaking and
competition. The American journal of Psychology, 9(4),
507-533.


https://www.r-project.org/

18

Quarterly Journal of Experimental Psychology 00(0)

Wamain, Y., Gabrielli, F., & Coello, Y. (2016). EEG p rhythm
in virtual reality reveals that motor coding of visual objects
in peripersonal space is task dependent. Cortex, 74, 20-30.

Wann, D. L., & Hackathorn, J. (2019). Audience effects in sport:
The reciprocal flow of influence between athletes and spec-
tators. In M. H. Anshel, T. A. Petrie, & J. A. Steinfeldt
(Eds.), APA handbook of sport and exercise psychology:

Sport psychology (pp. 469-488). American Psychological
Association.

Wykowska, A., Chellali, R., Al-Amin, M. M., & Miiller, H.
J. (2014). Implications of robot actions for human per-
ception. How do we represent actions of the observed
robots?. International Journal of Social Robotics, 6,
357-366.

Zanini, A., Salemme, R., Farné, A., & Brozzoli, C. (2021).
Associative learning in peripersonal space: Fear responses
are acquired in hand-centered coordinates. Journal of
Neurophysiology, 126(3), 864-874.



