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Abstract Action and object are deeply linked to each
other. Not only can viewing an object influence an ongo-
ing action, but motor representations of action can also
influence visual categorization of objects. It is tempting
to assume that this influence is effector-specific. However,
there is indirect evidence suggesting that this influence
may be related to the action goal and not just to the effec-
tor involved in achieving it. This paper aimed, for the first
time, to tackle this issue directly. Participants were asked
to categorize different objects in terms of the effector (e.g.
hand or foot) typically used to act upon them. The task was
delivered before and after a training session in which par-
ticipants were instructed either just to press a pedal with
their foot or to perform the same foot action with the goal
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of guiding an avatar’s hand to grasp a small ball. Results
showed that pressing a pedal to grasp a ball influenced how
participants correctly identified graspable objects as hand-
related ones, making their responses more uncertain than
before the training. Just pressing a pedal did not have any
similar effect. This is evidence that the influence of action
on object categorization can be goal-related rather than
effector-specific.

Keywords Action influence - Object categorization -
Goal representation

Introduction

Action and object are deeply linked to each other. A num-
ber of studies indicate that viewing an object (e.g. a ham-
mer) can influence an ongoing action (e.g. grasping) and
can do so even when the agent has no intention of acting on
the object (Craighero et al. 1996, 1999). A leading account
of this influence suggests that viewing objects might auto-
matically trigger motor representations similar to those typ-
ically involved in action execution (Jeannerod et al. 1995;
Murata et al. 1997; Raos et al. 2006; Rizzolatti et al. 1988).
Because of this similarity, the visual features of objects can
be converted into action even in the absence of an intention
to act (Cardellicchio et al. 2011).

An analogous account has also been provided for the
influence of motor representations of action on the visual
categorization of objects. In a seminal study, Tucker and
Ellis (1998) presented pictures of an everyday handled
object such as a teapot or a frying pan. Participants were
asked to decide whether the objects were upright or inverted
by, for example, pressing a right or a left key. The results
showed a significant compatibility effect: participants
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were faster in judging the orientation of the viewed objects
when their handles were spatially aligned with the respond-
ing hand than when they were spatially aligned with the
contralateral hand. Compatibility effects have also been
reported in visual categorization tasks, where participants
were asked to decide whether graspable objects of different
sizes were living or man-made by performing a precision
or a whole hand grasp (Tucker and Ellis 2001, 2004). This
suggests that viewed objects might automatically trigger
motor representations of action, thus speeding the response
to the visual stimuli, even though the action-related object
properties (e.g. having an handle or a given size) were not
relevant to the visual categorization task (e.g. spatial orien-
tation or object categorization).

It is tempting to assume that the link between action
and object categorization is effector-specific. This seems
to be corroborated, albeit indirectly, by several pieces of
evidence. For instance, there is evidence that the afford-
ing features of a graspable object are motorically processed
just when the object is literally ready-to-hand to a real or
virtual actor (Ambrosini and Costantini 2013; Cardellic-
chio et al. 2011, 2013; Costantini et al. 2010, 2011a, b; De
Stefani et al. 2014). Further evidence comes from action
observation as well as from language processing. Several
studies indicate that observing other people performing a
given action can facilitate the execution of the action when
the same effector is involved (Bach et al. 2007; Brass
et al. 2000; Gillmeister et al. 2008; Wiggett et al. 2011,
2013). Similarly, behavioural (Ambrosini et al. 2012; Buc-
cino et al. 2005; Dalla Volta et al. 2009; Ferri et al. 2011;
Repetto et al. 2013; Sato et al. 2008) and neuroimaging
(Hauk et al. 2004; Pulvermiiller et al. 2001; Pulvermiiller
and Shtyrov 2006; Tettamanti et al. 2005) studies show that
action-related words and sentences are motorically pro-
cessed in a somatotopic manner.

Despite this evidence, there seems to be more to the
story. Indeed, many studies demonstrate that even at the
motor level, action processing can be goal-related rather
than just effector-specific. Single-cell recordings from the
ventral premotor cortex of the monkey brain show that
when both executing and observing action, a number of
neurons selectively discharge according to which goal the
action is directed to (e.g. the grasping of a piece of food),
irrespective of which of several effectors is used to achieve
the goal (Jeannerod et al. 1995; Rizzolatti et al. 1988, 2001)
and irrespective of which of several tools is used to achieve
the goal (e.g. pliers or reverse pliers) even where achieving
the goal using different tools requires opposite sequences
of movements (e.g. closing or opening the fingers (Rochat
et al. 2010; Umilta et al. 2008). Analogous results have
been found in humans (for a review, see Rizzolatti and
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Sinigaglia 2010). A TMS adaptation study (Cattaneo et al.
2010) clearly indicates that when processing an observed
action, the human premotor cortex selectively encodes the
goal (e.g. the grasping) to which the action is directed,
regardless of the effector involved (e.g. hand or foot).

Does this hold also for action and object? Is the link
between action and object categorization goal-related? Or
is it just effector-specific, as people are usually tempted to
assume? The aim of this paper is to provide, for the first
time, a direct answer to this question. A way of doing this
is to contrast two actions performed with the same effec-
tor and differing from each other just in which goal they
are directed to. Consider an action such as pressing a pedal
with your foot. The goal of this action may be simply to
press the pedal. But imagine you are playing a video game.
You can still press the pedal with your foot, but now the
goal of your action is, say, to guide a virtual actor to grasp
a small ball with her hand. Does the motor representation
of the action change with the change of the goal (guiding
the actor’s hand rather than just pressing the pedal), even if
the effector (i.e. the foot) to be used is the same? Or does it
concern the foot’s movements required to press the pedal,
irrespective of the change of the goal of the action?

To assess whether the action influence on object catego-
rization is mainly goal- or effector-specific, we presented
participants with objects and asked them to identify which
body effectors are typically used to act upon them. For
instance, when presented with a graspable object such as
a hammer they had to provide the response: hand, whereas
when presented with a kickable object such a soccer ball
they were expected to respond: foot. Participants’ responses
were measured by a mouse tracker, which allowed us to
detect the real-time dynamics of object categorization.
The object categorization task was delivered before and
immediately after a training session in which participants
were instructed either just to press a pedal with their foot
or to perform the same foot action with the goal of guid-
ing an avatar’s hand to grasp a small ball. According to the
view that the influence of action on object representation is
effector-specific, the training sessions should not have any
differential effect on the dynamics of object categorization.
In more detail, one should expect that the two training ses-
sions have a similar facilitation effect on the categorization
of foot-related objects only. But if the influence of action
on object representation is goal-specific, then performing
the same movements directed to different goals could have
a differential impact on the dynamics of object categoriza-
tion. According to this alternative view, one should expect
that performing a foot-related action with a hand-related
goal might also influence the categorization of hand-related
objects. And this is actually what we found.
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Methods
Participants

Forty volunteers (22 females, 18 males; age range 20-30,
m = 2482, SD = 3.29) were recruited among the stu-
dents of the Universita Cattolica Sacro Cuore, thanks to
public advertisements. They all were right-handed (Briggs
and Nebes 1975) and had normal or corrected to normal
vision. None of them was aware of the specific purposes
of the study. All of them were required to sign an informed
consent form in order to join the experiment. The experi-
mental procedure and the specific consent form describing
it had been previously approved by the university ethics
committee.

Procedure

The experiment consisted of three sessions, namely: a pre-
training mouse tracking session, a training session and a
post-training mouse tracking session.

Pre-training mouse tracking session

Participants were welcomed in a quiet room by an expe-
rienced researcher. The experimental equipment included
a PC connected to a mouse. The computer screen was
arranged in front of the participants at a distance of approx-
imately 50 cm. Participants were instructed to identify vis-
ual stimuli according to the effector, hand or foot, typically
used to act upon them. Ten visual stimuli depicting com-
mon objects on a white background were selected. Five of

(A) Pre-Training Mouse Tracking

(B) Training Session

them represented graspable objects (a hammer, a baseball
bat, a shaving brush, a cup and a glass) typically targeted
by hand actions, and five represented kickable or press-
able objects (a soccer ball, a floor button, a bike pedal, a
car pedal and a doorstop) typically targeted by foot actions.
Participants’ responses were recorded by means of a mouse
tracker (Freeman and Ambady 2010; Freeman et al. 2011).
They saw the start button in the lower part of the screen,
horizontally centred: they were asked to click it with the
mouse to start the session. At this point, the visual stimuli
appeared, one at time, in the centre of the screen, together
with two response options, located in the upper part of
the screen, one on the right, and one on the left. The two
response options were the strings “hand” and “foot”. Each
stimulus was repeated 15 times. After each trial, 1 s of
blank was set up, before the starting of the following one.
The pre-training session consisted in two blocks of 75 stim-
uli each presented in randomized order (the position of the
response options on the screen was inverted in the second
block). See Fig. 1a for a visual description of the individual
trial phases.

Training session

After the pre-training mouse tracking session just
described, a training session with a virtual environment
started. The virtual environment was specifically designed
for this experiment with the software “Unity 3d”. It showed
an avatar representing a young man standing in front of a
table facing the participant. No other structural or social
cues were included in the environment. The avatar gazed at
a virtual small ball located on a table at different locations.

(C) Post-Training Mouse Tracking

»

Fig.1 a and c Represent an example of a single trial from the mouse
tracking session. b Represents a scene from the training session: par-
ticipants in the experimental group press a pedal to guide a virtual

. ¥ ol
Time

actor to grasp a ball with her hand, while participants in the control
group press the pedal to initiate the next trial
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The avatar continuously moved its arm/hand above the
table (also over the ball) to the left and right. The move-
ment was always biomechanically plausible. Participants
were seated at the same computer used in the pre-training
session and interacted with the virtual environment shown
on screen via a USB foot-pedal connected to the computer.
The foot-pedal device was located on the floor, beside the
participant’s right foot (see Fig. 1b).

Participants were divided into two different groups
(experimental group and control group, respectively).
Participants assigned to the experimental group were
instructed to guide the avatar’s hand, which was moving
over the small ball, in grasping it. As soon as they pressed
the pedal with their foot, the avatar’s reach-to-grasp move-
ments were triggered. The next trial started automatically
immediately after the avatar’s action had unfolded com-
pletely. Participants assigned to the control group were
instructed to watch the avatar, which not only moved its
hand over the ball but also autonomously reached for and
grasped it. Participants in this group had to press the pedal
with a foot as soon as the avatar concluded its own grasping
movement; doing so allowed them to pass to the next scene
in the virtual representation. In 30 % of trials, the avatar
failed to grasp the ball, which was the error rate estimated
in a pilot experiment involving different but comparable
participants. Participants of both groups were exposed to
the virtual environment for 10 min, performing approxi-
mately 80 trials (according to their dexterity in guiding ava-
tar’s actions).

Post-training mouse tracking session

Finally, participants performed a post-training mouse track-
ing session, which was identical to the pre-training one (see
Fig. lc).

Data analysis

Trials in which participants did not respond were dis-
carded (40 out of 12,000 recorded trials, corresponding to
0.33 %). Dependent variables calculated on remaining tri-
als included: mouse trajectory data, accuracy (ACC) and
reaction times (RTs), all recorded by a mouse tracker.
Regarding the mouse tracking data, we first transformed
mouse trajectories according to standard procedures (Free-
man and Ambady 2010). In particular, all trajectories were
rescaled into a standard coordinate space (top left = [—1,
1.5]; bottom right = [1, 0]) and flipped along the x-axis
such that they were directed to the top-right corner. Moreo-
ver, all trajectories were time-normalized into 101 time
steps using linear interpolation to permit averaging of
their full length across multiple trials. In order to obtain
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a trial-by-trial index of the trajectory’s attraction towards
the non-selected response label (indexing how much that
response was simultaneously active), we computed one
commonly used measure of response competition, namely
maximum deviation (MD). MD represents the largest per-
pendicular deviation between the actual trajectory per-
formed by the subject and the idealized linear trajectory
estimated by the system (Freeman and Ambady 2010).
To obtain a measure of hesitation during the selection of
the correct response, we computed the x-flips and y-flips
(Roche et al. 2015). This measure captures the hesitation in
the hand’s movement along the horizontal and vertical axes
and can be conceived as indices of subjects’ uncertainty in
the response.

Accuracy was measured by recording whether par-
ticipants provided a correct response in a given trial. The
latency measure quantified the time elapsed in milliseconds
between the click on the start button (triggering the presen-
tation of the stimulus) and the click on the response button
(RTs). Accuracy was almost at ceiling (Accuracy >99 %);
thus, it will not be considered further.

The three remaining dependent variables were entered
in three separate ANOVAs with effector (foot vs. hand) as
within subject factor and group (experimental vs. control)
as between-subject factor. For follow-up analyses, we used
paired-samples (or independent samples, when necessary)
two-tailed T tests.

Results

First, we tested whether the distributions of the obtained
data were normal using the Shapiro—Wilk test. Some of
the distributions were non-normal (ps < 0.05). Thus, we
performed a logarithmic transformation on the data. Two
participants from the experimental group and two from the
control group were discarded from the analyses because at
least one of the dependent variables was two standard devi-
ations higher than the group mean. Visual inspection of the
data suggests an important difference at baseline between
groups. Nonetheless, our dependent variables, namely
y-flips, MD and reaction times, did not significantly differ
between groups (all ps > 0.08).

Mouse tracking data

The ANOVA on y-flips revealed the main effects of both
effector (F(1,34) = 11.1; p = 0.002; ’75 = (0.25) and session
(F(1,37) = 8.87; p = 0.005; 1712) = 0.19) and the two-way
interaction effector by session (F(1,37) = 5.18; p = 0.029;
77;2) = 0.13). The main effect of effector was explained by
larger y-flips to foot-related objects (6.399 log-transformed
y-flip) as compared to y-flips to hand-related objects
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(6.383 log-transformed y-flip). The main effect of ses-
sion was explained by larger y-flips during the pre-train-
ing session (6.403 log-transformed y-flip) as compared
to y-flips recorded during the post-training session (6.379
log-transformed y-flip). Importantly, the three-way inter-
action effector by session by group was also significant
(F(1,34) = 6.99; p = 0.01; 775 = 0.17). Follow-up analyses
revealed that in both groups, y-flips were higher to foot-
related objects as compared to hand-related objects. In the
experimental group, we also found smaller y-flips during
the post-training session as compared to the pre-training
session to foot-related objects (pre-training = 6.401, post-
training = 6.311, p = 0.001). Further, we found larger
y-flips to hand-related objects during the post-training
session as compared to the pre-training session (pre-train-
ing = 6.321, post-training = 6.364, p = 0.04). That is, only
in the experimental group was it the case that as an effect of
the training session, hand responses tended to be grabbed
by the alternative response (see Fig. 2).

The ANOVA on MD revealed the main effects of both
effector (F(1,37) = 30.91; p < 0.001; r;g = 0.45) and ses-
sion (F(1,37) = 10.31; p = 0.003; ng = 0.22). The main
effect of effector was explained by a larger MD to foot-
related objects (7.070 log-transformed MD) as compared to
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Fig. 2 y-flips recorded during the mouse tracking sessions (asterisk
represents p < 0.05)

MD to hand-related objects (6.995 log-transformed MD).
The main effect of session was explained by a larger MD
during the pre-training session (7.043 log-transformed
MD) as compared to the post-training session (7.023 log-
transformed MD). The interaction Effector x Session was
also significant (F(1,37) = 8.87; p = 0.002; nﬁ = 0.24).
Follow-up analyses revealed smaller MD to foot-related
objects in the post-training session (7.051 log-transformed
MD) as compared to the pre-training session (7.089 log-
transformed MD; #(19) = 4.8, p < 0.001, two-tailed). No
other main effects or interactions were significant. No
effects were found on the x-flip.

RTs

The ANOVA on the log-transformed RTs revealed the
main effects of both sessions (F(1,34) = 6.07; p = 0.02;
nﬁ = 0.15). The main effect was explained by faster RTs
during the post-training session (5.72 log-RT) as compared
to the pre-training session (5.79 log-RT). No other main
effects or interactions turned out to be significant. Also
the interaction between effector, session and group was far
from significance (p > 0.30, see Fig. 2).

Discussion

The present study aimed to assess whether the influence of
action on object categorization is always effector-specific
or whether it can be related to action goals that are achiev-
able by more than one effector. To this end, we asked par-
ticipants to categorize different objects in terms of the body
effector (hand or foot) typically used to act upon them,
before and immediately after a training session in which
they were instructed to press a pedal to guide an avatar’s
hand to grasp a small ball. In a control group, the press-
ing of the pedal did not impact on the avatar’s action, but
was used just to initiate the next trial. There were two main
findings.

First, performing a foot action (such as pressing a
pedal) made the categorization of foot-related objects more
straightforward and robust. Participants showed smaller
y-flips and MD when correctly identifying the objects
related to foot actions during the post-training than during
the pre-training mouse tracking session. No similar effects
were found in the categorization of hand-related objects.

This finding is in line with several studies showing an
action priming effect when congruent body effectors are
involved (Brass et al. 2000; Gillmeister et al. 2008; Wig-
gett et al. 2011, 2013). For instance, it has been shown that
people are typically faster to provide foot responses (e.g.
pressing a pedal) when viewing foot-related actions (kick-
ing a ball) than when viewing hand-related actions (typing
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on a keyboard), and vice versa (Bach et al. 2007; Bach and
Tipper 2007). Similar effects have also been demonstrated
in the domain of language processing. Buccino et al. (2005)
asked participants to respond with the hand or the foot
while listening to hand- or foot-related action sentences, as
compared to abstract sentences. Results showed a modula-
tion of hand reaction times while listening to hand-related
sentences. Conversely, a modulation of foot reaction time
was observed while listening to foot-related sentences.

One might be tempted to construe all these findings as
evidence that the influence of action on object categoriza-
tion is just effector-specific. However, the second finding
of the present study seems to suggest that this cannot be the
whole story. Indeed, participants showed larger y-flips in
correctly identifying the graspable objects as related hand-
related objects during the post-training as compared to
the pre-training mouse tracking session when the training
session consisted in pressing a pedal with a foot in order
to guide an avatar’s hand to grasp a small ball. Pressing a
pedal with a foot after the avatar autonomously grasped the
small ball did not have any similar effect. This indicates
that when participants could use their foot to perform an
action that is typically hand-related, such as grasping a
small ball, it was not straightforward for them to categorize
the presented graspable objects (e.g. a hammer, a baseball
bat, a shaving brush, a cup, a glass) as just hand-related
(rather than foot-related) objects.

How can this effect be explained? One hypothesis may
refer to some attentional biases due to an associative cou-
pling between (performed) foot and (observed) hand move-
ments. This hypothesis may sound attractive, especially
because it is in line with previous evidence on the critical
role of associative coupling in action processing (Catmur
et al. 2007, 2009; Gillmeister et al. 2008). In particular,
Gillmeister et al. (2008) showed that performing a foot
action when viewing a hand action (e.g. lifting a food after
seeing a hand lift) might impact on the motor processing
of action-related features by significantly reducing the
standard action priming effect. More interestingly, Wiggett
et al. (2011) demonstrated that this effect occurs even in the
case of implicit associative learning. In their study, partici-
pants chose whether to perform a foot or hand action, and
were then presented with visual feedback of a compatible
or incompatible body effectors. The results showed that
the action priming effects were selectively modulated as
a function of the compatibility of performed and observed
actions, being significantly smaller in the case of incom-
patible associations, such as seeing a foot lift immediately
after lifting a hand or seeing a hand lift immediately after
lifting a food.

Despite the attractiveness of this hypothesis, it does not
seem to fully account for the main finding of our study,
namely the differential impact of the training sessions on
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the object categorization task in the experimental and con-
trol groups. Indeed, both the experimental and the con-
trol groups always performed a foot action (i.e. pressing
a pedal) while observing a hand action (grasping a small
ball). But while performing the foot action impacted on the
categorization of compatible (i.e. foot-related) objects in
both the experimental and control groups, performing the
same foot action affected the categorization of incompat-
ible (hand-related) objects in the experimental group only.

An alternative hypothesis may suggest that the influ-
ence of the action training on the categorization task occurs
at the decision stage in terms of response competition. In
other terms, performing a foot-related action with a hand-
related goal influenced the categorization of hand-related
objects because interfered with the identification of the
body effector typically involved in acting upon them, thus
increasing the uncertainty of the participants’ responses.

A further (and at least in part complementary) hypoth-
esis may emphasize that action influence might affect not
only the decision but also (and maybe primarily) the object
representation. If you can achieve an action goal such as
the grasping of an object by using not only your hand but
also your foot, this indicates that the goal of this action can
be represented in you without being identified just with a
given body effector. This has consequences for both action
and object representations. The sight of a graspable object
may trigger in you a motor representation of the grasping
action you can perform on the object, but this action can
be represented not just as a hand action where the goal of
grasping is achievable for you also by using a foot. This
could explain why participants in the experimental group
showed some uncertainty in categorizing the presented
graspable objects as hand- rather than foot-related objects,
making the choice between hand and foot less straightfor-
ward after the training session than it was for the partici-
pants belonging to the control group.

Although further research is needed, the latter hypoth-
esis seems to be, albeit indirectly, supported by previous
studies showing that action processing can be action- rather
than effector-specific (Jeannerod et al. 1995; Rizzolatti
et al. 1988, 2001; Rochat et al. 2010; Umilta et al. 2008).
More specifically, Helbig et al. (2006) investigated whether
action representations facilitate object recognition. They
presented participants with two objects affording either
congruent or incongruent motor interactions. Results
showed superior naming accuracy for object pairs with
congruent as compared to incongruent motor interactions.
In another study, Kiefer et al. (2011) presented participants
with two objects (e.g. tools), which had to be named. The
two objects could afford either congruent or incongru-
ent actions. Action congruency between the object pairs
affected event-related potentials (ERPs) as early as 100 ms
after stimulus onset at fronto-central electrodes. Using
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source analysis, this ERP effect could be referred to early
activation of the motor system.

In the same vein, Costantini et al. (2008) used incidental
repetition priming to determine whether observed actions
are represented in terms of the effector used to achieve
them or in terms of the goal they pursue. Participants were
presented with images depicting meaningless or meaning-
ful actions and should press a button only when presented
with a meaningful action. Images were classified as depict-
ing a repeated or new action, relative to the previous image
in the trial series. Results showed a facilitation effect based
on the goal of the observed action (i.e. the grasping) rather
than the effector used to achieve it or even the specific
object the actor acted upon.

At the neuronal level, Cattaneo et al. (2010) showed,
using a transcranial magnetic stimulation (TMS) adapta-
tion paradigm, the recruitment of a fronto-parietal network
in the goal-specific action representation. They showed
participants with adapting movies of either a hand or foot
acting upon an object. Subsequently, they were presented
with a test picture representing either the same or a differ-
ent action performed by either the same effector or a dif-
ferent effector. The task was to judge whether the adapting
movie and the test picture were the same. Results showed
that performance was deeply impacted by TMS only when
the TMS pulses were delivered over the ventral premotor
cortex and the inferior parietal lobule. TMS pulses deliv-
ered over the superior temporal cortex were ineffective in
changing the goal-specific action representation.

In conclusion, the findings of the present paper sug-
gest that action and object representations are so deeply
linked to each other that their link cannot be construed just
in terms of the effector typically associated with both the
action and the object. Acting upon an object is not just a
matter of which part of your body you are actually using
but also—and perhaps mainly—of which goal your action
is directed to. The possibility of achieving this goal using
any of several body effectors may affect your representa-
tion of the targeted object when you are engaged in catego-
rizing it.
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