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Two experiments were carried out to investigate whether and how one important
characteristic of the motor system, that is its goal-directed organization in motor chains,
is reflected in language processing. This possibility stems from the embodied theory of
language, according to which the linguistic system re-uses the structures of the motor
system. The participants were presented with nouns of common tools preceded by a
pair of verbs expressing grasping or observational motor chains (i.e., grasp-to-move,
grasp-to-use, look-at-to-grasp, and look-at-to-stare). They decided whether the tool
mentioned in the sentence was the same as that displayed in a picture presented shortly
after. A primacy of the grasp-to-use motor chain over the other motor chains in priming
the participants’ performance was observed in both the experiments. More interestingly,
we found that the motor information evoked by the noun was modulated by the specific
motor-chain expressed by the preceding verbs. Specifically, with the grasping chain
aimed at using the tool, the functional motor information prevailed over the volumetric
information, and vice versa with the grasping chain aimed at moving the tool (Experiment
2). Instead, the functional and volumetric information were balanced for those motor
chains that comprise at least an observational act (Experiment 1). Overall our results
are in keeping with the embodied theory of language and suggest that understanding
sentences expressing an action directed toward a tool drives a chained activation of the
motor system.

Keywords: embodied language, motor chains, motor system, affordances, reaction times

INTRODUCTION

According to the theory of re-use (Anderson, 2010), evolution works in a conservative way, building
on previously formed systems. In line with this general view, the embodied theory of language
(Gallese and Lakoff, 2005; Glenberg, 2007; Gallese, 2008; Glenberg and Gallese, 2012) claims that
the linguistic system re-uses the structures and the organization characterizing the motor system.
From this perspective, language comprehension is rooted in action as it recruits the same neural
areas that are active while performing movements.

Thus far, some of the most striking evidence for embodied language comes from
psychophysiological and neuroimaging studies documenting an activation of the motor system
during the comprehension of nouns referring to manipulable objects (i.e., tools), which parallels
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the activation of the same system while both actively
manipulating and passively viewing these objects (see e.g.,
Martin et al., 1996; Grafton et al, 1997; Binkofski et al.,
1999; Chao and Martin, 2000; Gerlach et al., 2002; Creem-
Regehr and Lee, 2005; for a review see Martin, 2007). For
example, Cattaneo et al. (2010), using transcranial magnetic
stimulation (TMS) technique, found an involvement of
ventral premotor cortex in processing of nouns referring to
tools. Rueschemeyer et al. (2010) with functional magnetic
resonance imaging (fMRI) showed that functionally manipulable
words (i.e., nouns denoting man-made objects that require
manipulation for use, such as “hammer”) elicit greater levels
of activation in the fronto-parietal sensorimotor areas than
volumetrically manipulable words (i.e., nouns denoting man-
made objects that can be held in the hand but function
without regular manipulation, such as “clock”). Similar
findings were obtained in a TMS study by Gough et al.
(2012).

Coupled evidence for an activation of motor system while
processing of nouns referring to manipulable objects has been
collected also in behavioral studies such as those investigating
the influence of tool noun presentation on planning and
executing hand movements in categorization tasks (Tucker and
Ellis, 2004), lexical decision tasks (Myung et al., 2006), and
gesture imitation tasks (Bub et al.,, 2008). For example, it has
been demonstrated that planning reach-to-grasp movements
aimed at using a tool interacts with the semantic activation of
nouns related to the action goal of the tool use (Lindemann
et al, 2006). More recently, it has been shown that the
motor activation by nouns referring to manipulable objects
is time-locked to the very moment at which the meaning of
these nouns is accessed (Marino et al., 2013) and overlaps
with the one driven by passive viewing of the manipulable
objects to which the nouns are related (Marino et al,
2014).

Although, the evidence of an activation of the motor
system by action-related nouns is compelling, little focus
has been placed upon the aspects of this activation. The
embodied theory of language predicts that the basic features
characterizing the motor system should be maintained in
processing action-related language. The present study
is addressed at investigating this possibility. Specifically,
it is aimed at testing whether and how one important
characteristic of the motor system, that is its goal-directed
organization in motor chains, is reflected in language
processing.

The chained organization of the motor system has been
recently described in some neurophysiological studies on
monkeys (e.g., Fogassi et al., 2005; Bonini et al., 2011). These
studies showed that, in the parietal and premotor cortices,
the majority of neurons coding a specific motor act have
a different activation pattern depending on the overall goal
of the action sequence in which the act is embedded. For
example, among the neurons selective for object grasping,
some discharge best when the act is executed for placing
the object into a container while others for eating it. These
results show that a basic mechanism of the motor system is

structuring of the same motor act in different motor chains.
In humans, the chained organization of the motor system
has been revealed by the results collected in a brain imaging
study by Iacoboni et al. (2005) who found a significant signal
increase in the brain areas where hand actions are represented
(the posterior part of the inferior frontal gyrus and the
adjacent sector of the ventral premotor cortex) while watching
a grasping gesture embedded in a motor chain (i.e., grasp-to-
drink and grasp-to-clean) as compared to watching the same
gesture alone. An important assumption of the present study
is that such chained organization can characterize language as
well.

A model based on motor chains and language has been
proposed by Chersi et al. (2010) to account for contradictory
findings that understanding verbs associated to different effectors
can lead to either facilitation or interference in motor responses
(e.g., Boulenger et al, 2006). However, to our knowledge,
the issue of a chained activation of the motor system during
the comprehension of linguistic material related to action has
not yet been directly addressed by either behavioral or brain
imaging studies. To investigate this possibility we used the
procedure employed by Stanfield and Zwaan (2001), and by
Borghi and Riggio (2009). Participants were presented with
sentences composed by the noun of a tool and a pair of verbs
expressing different grasping motor chains (i.e., grasp-to-move
the tool, grasp-to-use the tool) or observational motor chains
(look at-to-grasp the tool, look at to stare the tool). Each sentence
was followed by a picture of a tool graspable with either a
precision or power grip, with its handle oriented to the right
and its functional part (i.e., the tip) oriented to the left, and vice
versa. Participants were required to decide whether the tool in
the picture was the same as the one presented in the sentence
(i.e., word-picture matching task). If the chain organization of
motor system is encoded in language, then the priming effect
typically observed when the object described in the sentence
overlaps with the object represented in the following picture,
should be shaped by the motor chain expressed by the pair of
verbs with which the noun was combined. In particular, given
that objects are represented primarily in terms of their actions,
a priming advantage of the motor chains containing the act
of grasping over the pure observational motor chain should
be observed. Moreover, since tools are represented primarily
in terms of their function (e.g., Costantini et al, 2011), a
primacy of the grasp-to-use motor chain over the other motor
chains containing the act of grasping should be found. Finally,
if a chained activation of the motor system during language
processing occurs, then the motor information evoked by the
noun of the tool should contain different details depending
on the motor chain expressed by the sentence in which the
noun is embedded. Specifically, details related to the relation
between the hand and the graspable part of the tool (i.e., the
handle) should be evoked by nouns of tools embedded in the
grasp-to-move and look at-to-grasp motor chains. In contrast,
details pertaining also to the relation between the hand and the
functional part of the tool (ie., the tip) should be somehow
evoked by nouns of tools embedded in the grasp-to-use motor
chain.
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EXPERIMENT 1

Materials and Methods

Participants

Thirty-four students of the University of Parma (14 males and
20 females, mean age £ SD, 21.2 £ 3.8 years) took part in the
experiment. All were right-handed native Italian speakers (mean
Edinburgh Handedness Questionnaire score £ SD, 0.85 & 0.13,
Oldfield, 1971) and were unaware of the purpose of the study.
The participants had normal or corrected to normal vision and
reported no history of speaking and/or motor disorders. All the
participants gave a written informed consent before testing. The
study was conducted in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and fulfilled the ethical
standard guidelines recommended by the Italian Association of
Psychology. The experimental protocol was also approved by the
research ethics committee at the University of Parma.

Materials

Fourteen digital color photographs of common tools were
selected. All the tools, which had a shape elongated along the
vertical axis, were composed of two structurally separated parts,
the handle and the tip serving to accomplish the tool function. All
the tool exemplars were chosen so that neither their handle not
their tip differently popped out of the background due to a large
difference in color contrast. Half of the tools were graspable with
a power grip (e.g., hammer), while the other half were graspable
with a precision grip (e.g., pen). A complete list of the tools is
provided in Table 1. Each tool was scaled to be displayed within a
130 x 130 mm white frame, with its handle pointing downwards
both to the left and to the right, and its tip pointing upwards both
to the right and to the left, respectively.

We also created 6 different kinds of Italian imperative
sentences in which a pair of transitive verbs, separated by
the copulative conjunction “e” (English translation: and), was
followed by a determinative article and a noun that referred
to one of the tools represented in the pictures (i.e., verb 1
+ conjunction + verb 2 4+ determinative article 4+ noun).
The sentences could include two action verbs (i.e., “afferra e
sposta”—grasp and move, or “afferra e usa’—grasp and use), an
observational verb and an action verb (i.e., “osserva e prendi”—
look at and grasp, “osserva e indica’—look at and point, or
“afferra e fissa”—grasp and stare), or two observational verbs
(i.e., “osserva e fissa”—look at and stare). Sentences that included
the verbal pairs “look at and point” or “grasp and stare” served
as catch trials to induce the participants to process the whole
sentence (see below). All the verb pairs included in the critical
sentences were composed of 6 syllables, and had a similar additive
relative lexical frequency (“afferra e sposta” = 1.70 4 20.49 =
22.19, “afferra e usa” = 1.70 + 28.63 = 30.33, “osserva e prendi” =
22.86 + 6.66 = 29.52, “osserva e fissa” = 22.86 + 9.90 = 32.76 in
occurrences per million; see (Laudanna et al., 1995) ~ 3,798,000
words). The nouns referring to the tools graspable with either
a precision or a power grip were matched for syllable number
[average values: 3.00 vs. 3.14 syllables, t(;, 12y = 0.36, p = 0.73]
and lexical frequency [average values: 10.59 vs. 1.78 in occurrence
per million, t(;, 12) = 1.46, p = 0.17].

TABLE 1 | Tools used in Experiment 1 and 2.

Precision grip Power grip
Cucchiaio (spoon) Pennello (paintbrush)
Chiave (key) Martello (hammer)
Penna (pen) Pinze (oliers)
Pennellino (little paintbrush) Spazzola (hairbrush)
Forchetta (fork) Schiaccianoci (nutcracker)
Matita (pencil) Cacciavite (screwdriver)
Fiammifero (match) Pettine (comb)
Procedure

The experiment was carried out in a sound-attenuated room,
dimly illuminated by a halogen lamp directed toward the ceiling.
The participants, tested individually, sat comfortably in front of
the screen of a computer monitor (a ViewSonic 18 inch flat color
CRT monitor with a 1024 x 768 pixel resolution, interfaced with
an Intel R Core™ 2.40 GHz computer equipped with an ATI
Radeon HD 2600 Pro Video Board) with their head supported
by a chin rest in order to maintain a stable eye-to-screen distance
of 57 cm.

Each trial started with a black fixation cross displayed at the
center of a white background. After a delay of 600 ms, the fixation
cross was replaced by a sentence. The sentence was centrally
displayed and written in black lowercase Courier New bold font
(point size = 24). The sentence remained visible for 800 ms.
After the offset of the sentence a digital photograph of a tool
centrally appeared. The timer started operating simultaneously
to the onset of the visual tool which remained visible until
the participant responded, or until 1500 ms had passed (see
Figure 1).

The participants were randomly assigned to one of two
groups. Those in the first group were asked to press the “p” key
with their right index finger when the tool in the photograph
was the same as that mentioned in the sentence, and to press
the “q” key with their left index finger when it was not; the
participants in the other group were required to do the opposite.
All the participants were instructed to refrain from responding in
case the sentence included the verb pair “look at and point” or
“grasp and stare” (i.e., catch-trials). The keyboard was positioned
in front of the participants, so that the two response keys
were placed symmetrically with respect to the participants’ body
midline. All the participants were informed that their response
times (RTs) would be recorded and were invited to respond
as quickly as possible while still maintaining accuracy. They
received feedback after pressing the wrong key in a critical trial
(“ERROR”), after pressing a key in a catch trial (“ERROR”), after
taking more than 1500 ms to respond (“TOO SLOW?), or after
responding correctly (“CORRECT”). The feedback remained
visible for 1500 ms.

In the first phase of the experimental session, the participants
performed a block of 48 practice trials. Different tools as those
used in the following test phase were used. If the participants
felt confident with the task, then the test phase was started,
otherwise another block of practice trials was run. In the test
phase, the participants performed a block of 336 trials. The
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FIGURE 1 | The experimental procedure.

order of stimulus presentation was randomized and Verb Pair
(“grasp and move,” “grasp and use,” “look at and grasp,” “look at
and point,” “look at and stare,” “grasp and stare”), Tool Handle
Orientation (left, right), and Tool Grip (precision, power) factors
were fully balanced. Each of the 6 verb pairs was combined
with each of the 14 tool nouns (for a total of 84 different
sentences). Each sentence, which was presented 4 times during
the whole test phase, was followed twice by the photograph of
the tool mentioned in the sentence (i.e., same-tool trials),—with
the handle directed downward once to the left and once to the
right—, and twice by the photograph of a tool not mentioned in
the sentence (i.e., different-tool trials),—with the handle directed
downward once to the left and once to the right. The photos used
in the different-tool trials depicted tools which were graspable
with the same kind of grip as that required to grasp the tool
mentioned in the sentence for half of the times, and with a
different kind of grip for the other half of the times.

Throughout the test phase, the participants could take a break
after every 42 trials. For each trial, RTs and errors were recorded.
Stimulus presentation and response collection were controlled
using the software package E-Prime, version 1.1. (Psychology
Software Tools, Inc.).

Results

All cases in which the participants responded to a critical trial
by pressing a wrong key and all cases in which the participants
responded to a catch trial were considered as errors (i.e., response
errors and catch errors, respectively). The grand mean percentage
error was 16.92% (response errors = 10.72%, catch errors =
6.20%). The catch trials and the wrong critical trials were
excluded from the analysis. Six participants (2 from the first
group and 4 from the second group) were removed from the
analysis because their error rate was statistical outlier (i.e., two
standard deviation higher than the error rate grand mean).
Before being analyzed, the response times (RTs) measured for
the correct critical trials were screened for outliers: RTs two
standard deviations higher or lower than the individual grand
mean were omitted from the analysis (19.23%). Given that
there was no speed-accuracy tradeoft, as determined by plotting
the error rate across decile temporal bins (see Figure 2A), the
remaining RTs measured for the same-tool trials and for the
different-tool trials were separately submitted to a mixed analysis
of variance (ANOVA) with Response Hand (left, right) as a
between-subjects factor and Tool Grip (power, precision), Verb
Pair (“grasp and move,” “grasp and use,” “look at and grasp,”
“look at and stare”), and Hand/Handle Orientation (compatible,
incompatible) as within-subjects factors. This latter factor was
obtained by combining the orientation of the handle of the tool
shown in photographs (left, right) with the hand used to give the
response (left, right). In the ANOVA on RTs measured for the
different-tool trials, Grip Congruency (congruent, incongruent)
between the tool mentioned in the sentence and the visual tool
was considered as an additional within-subjects factor. Besides,
the levels of Tool Grip factor referred to the hand posture
appropriate for grasping the visual tool. In both the ANOVAs,
skewness and kurtosis of RTs distributions were examined to
determine whether the data were normally distributed. Following
West et al. (1995), we assumed as reference to substantial
departure from normality, an absolute skewness index > 2
and an absolute kurtosis index > 7. Violations of sphericity
were controlled using Mauchly’s test of sphericity and either
Greenhouse-Geisser or Huynh-Feldt corrections were applied
according to Girden (1992). If a Greenhouse-Geisser epsilon of
>0.75 was found, the Huynth-Feldt corrected value was used
for that parameter. Otherwise the Greenhouse-Geisser corrected
value was used. Partial eta squared values (7712;) were reported
as a metric of effect size for all significant ANOVA contrasts.
The Duncan’s test was used for post-hoc comparisons with a
significance level set at 0.05. Only the significant results will be
reported.

Same-Tool Trials

RTs were normally distributed as the skewness and kurtosis
indexes were within acceptable ranges of normality (skewness =
0.93 + 0.05; kurtosis = 0.38 £ 0.10). The ANOVA revealed a
main effect of Tool Grip [F(j, 26) = 18.37, MSE = 155,733, p
< 0.001, 7712, = 0.41], indicating longer response latencies when
the tool was graspable with a power grip than with a precision
grip (647 vs. 609 ms). The analysis also showed a main effect of
Verb Pair [F(1.9, 49.46) = 36.83, MSE = 540959, p< 0.0001, 7]1% =
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FIGURE 2 | (A) Experiment 1—Response errors over time. The critical trials were sorted according to increasing RTs and grouped into 10 different temporal bins of
approximately 285 trials each. For each bin, the averaged error rate was computed separately for the same-tool trials (outline disks) and the different-tool trials (outline
diamonds). (B) Experiment 1—Same-tool trials. Averaged RTs as a function of Verb Pair separately for compatible and incompatible Hand/Handle Orientations (light
gray rectangles and dark gray rectangles, respectively). The error bars represent the standard error.

0.59]. Post-hoc comparisons indicated that RTs were faster for the
sentences comprising the verb pair “grasp and use” (582 ms) as
compared to all the other verb pairs (“grasp and move” = 608
ms, p < 0.05; “look at and grasp” = 609 ms, p < 0.05; “look
at and stare” = 705 ms, p < 0.001). RTs measured for the verb
pairs “grasp and move” and “look at and grasp” did not differ
from each other (p = 0.91), but they were significantly faster
than RTs measured for the verb pair “look at and stare” (all ps
< 0.001). In addition, there was a significant 2-ways interaction
between Verb Pair and Hand/Handle Orientation [F(3, 7g) = 2.80,
MSE = 17675, p < 0.05, nﬁ = 0.10], indicating that in the
“grasp and use” trials the participants were faster when their
response hand was spatially incompatible with the tool handle
(562 ms) than when the response hand and the tool handle
were spatially compatible (601 ms, p < 0.02, see Figure 2B). No
effect of Hand/Handle Orientation was found for the other verb
pairs.

Different-Tool Trials

RTs were normally distributed as the skewness and kurtosis
indexes were within acceptable ranges of normality (skewness =
—0.33 £ 0.05; kurtosis = 0.02 & 0.10). The ANOVA revealed
a main effect of Verb Pair [F(3 ¢p) = 20.34, MSE = 346,782,
p < 0.0001, r;ﬁ = 0.50], with longer response latencies for
the sentences comprising the verbal pair “look at and stare”
(715 ms) as compared to the other sentences (all ps < 0.001). In
contrast with the results found for the same-tool trials, the post-
hoc comparisons revealed no significant differences between the
sentences comprising the verb pair “grasp and use” (628 ms) and
those expressing the other grasping sequences (“grasp and move”
= 619 ms, “look at and grasp” = 654 ms, all ps > 0.07).

Discussion
The results of both the analyses showed converging support
for our hypothesis that the chained organization is encoded
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in language. In line with the idea that objects are represented
primarily in terms of the actions they afford, we found that in the
same-tool trials the sentences expressing the pure observational
motor chain (i.e., look-at-to-stare) primed the participants’
responses less efficiently than the sentences expressing a chain in
which the motor act of grasping was embedded (for convergent
findings on the difference between observation and action
sentences, see Borghi and Riggio, 2009; Costantini et al., 2011).
In addition, consistently with the fact that tools are represented
primarily in terms of their function, the time required to perform
the word-picture matching task in the same-tool trials was
modulated by the final goal of the action expressed by the
sentence. The sentences expressing the grasp-to-use motor chain
primed the participants’ responses more efficiently than the
sentences expressing the grasping motor chains not overtly aimed
at using the tool (i.e., grasp-to-move and look-at-to-grasp). This
finding (see Costantini et al., 2011; Lee et al., 2012, for similar
results) points toward the possibility that the grasping motor
chain aimed at using a tool, as compared with the other motor
chains, selectively triggers the activation of the most crucial
motor information of the conceptual representation of the tool,
that is its functional information (i.e., the motor information
about how to use an object). As already observed in previous
studies, functional knowledge associated with manipulable man-
made objects is an important component of their conceptual
representation (e.g., Kellenbach et al., 2003; Vainio et al., 2008;
Jax and Buxbaum, 2010). This knowledge is activated very early
when identifying words or reading them for meaning and showed
amarked benefit in priming tasks (Moss et al., 1997; Myung et al.,
2006; Bub et al., 2008; Bub and Masson, 2010).

The idea that the grasp-to-use motor chain drove a selective
activation of the functional information during tool noun
understanding is further supported by the third result collected
in the same-tool trials. In particular, we found that the grasp-
to-use motor chain led to faster responses when the response
hand and the handle of the visually presented tool were spatially
incompatible. While the inversion of the affordance effect has
been occasionally found in previous studies with objects (e.g.
Pellicano et al., 2010; Kostov and Janyan, 2015), to our knowledge
it is the first time in which it is reported in language processing.
This remarkable inversion of the classic affordance effect (i.e.,
faster responses when the response hand and the handle of a
graspable object are spatially compatible, see e.g., Tucker and
Ellis, 1998) suggests that the functional information evoked by
the grasp-to-use motor chain included details pertaining to the
tool tip which subserves tool usage. It is likely that the activation
of these details drove the attention of the participants to focus
on the functional portion of the tool during the successive
processing of the visual stimulus, so that the tip of the tool
acquired a directional meaning and generated the inverted
affordance effect which parallels the Simon effect that occurs
with centrally presented stimuli conveying spatial information,
such as arrows (e.g., Tipples, 2002). Notably, recent findings
suggest that the way we shift attention or explore an object is
biased toward action-relevant information (e.g., Handy et al,
2003; Roberts and Humphreys, 2011; Ambrosini and Costantini,
2017). In particular, Ambrosini and Costantini (2017) showed

that participants mostly fixate the action-related, functional part
of the tools, regardless of its visual saliency. Crucially, the effect
was strongly reduced when participants were required to tie their
hands behind their back. The results lead to the conclusion that
the action-relevant object information at least in part guides gaze
behavior and visual attention.

The lack of a canonical affordance effect in the sentences
expressing the grasping motor chains not overtly aimed at
tool usage does not imply that no motor information was
evoked during the comprehension of the tool noun. Indeed,
these sentences were significantly more effective than the
sentences containing the pure observational motor chain in
priming participants’ responses. More likely, the non-functional
grasping chains triggered, along with the functional information,
the activation of the volumetric information (i.e., the motor
information about how to manipulate an object) with the result
that the details associated to the tool tip were contrasted with the
details associated to the tool handle, generating no observable
bias in the participants’ responses. This is in keeping with the
results of recent studies (Bub et al., 2008; Bub and Masson, 2010;
Jax and Buxbaum, 2010; Pellicano et al., 2010) showing that both
functional and volumetric information are activated in parallel
by visual tools and that a convergence between these two kinds
of information takes place, with the result of a conflict or a
summation depending on their mutual consistency.

The idea of a parallel and converging activation of functional
and manipulation information during tool noun comprehension
is also supported by the results of the different-tool trials. In
particular, when the tool in the sentence and the tool in the
picture did not share the same function, the advantage for the
grasp-to-use motor chain over the other grasping motor chains
disappeared. This finding converges with results collected by
Myung et al. (2006), showing that nouns denoting man-made
objects can prime one another only if hand gestures related to
their conventional use are similar (e.g., running a lexical decision
on the word “piano” was faster when it was preceded by the
word “typewriter” than by a control word), and indicates that
presenting the picture of a different tool as that mentioned in a
grasp-to-use sentence, suppressed the primacy of the functional
information evoked by the noun, thus redressing the balance
between the functional and manipulation information.

EXPERIMENT 2

The word-picture matching task used in Experiment 1 turned out
to be quite difficult. Indeed, for most of the participants more
than one block of training trials was required. Moreover, at the
end of the experimental session, the participants often reported
that the task was quite demanding, mainly because of the high
number of verbs and their combinations they had to retain in
order to accomplish the task. The difficulty in performing the
word-picture matching task was also revealed by the grand mean
percentage error which resulted to be relatively high (16.92% of
total trials) and by the high variability of the data. In Experiment
2, we aimed at reducing the task difficulty by decreasing the
number of the verb pairs used in both critical and catch trials. We
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also aimed at reproducing the inverted affordance effect observed
in Experiment 1.

Materials and Methods

Participants

Twenty-four right-handed students of the University of Parma
(12 males and 12 females, mean age &+ SD, 26.25 £ 3.47 years,
mean Edinburgh Handedness Questionnaire score &+ SD, 0.75
£ 0.19) took part in the experiment. The selection procedure
of the participants was the same as in Experiment 1. All the
participants gave a written informed consent before testing. The
study was conducted in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and fulfilled the ethical
standard guidelines recommended by the Italian Association of
Psychology. The experimental protocol was also approved by the
research ethics committee at the University of Parma.

Materials

Fourteen digital color photographs of tools, identical to those in
Experiment 1, were used as visual stimuli. Unlike Experiment
1, in this experiment we created only 4 kinds of imperative
sentences with the same structure as the one previously used.
These sentences always included the verb “afferra” (or its
synonymous “prendi;’ English translation: grasp) along with
an action verb (i.e., “afferra e usa’—grasp and use, “prendi e
muovi’—grasp and move, “afferra e disturba”—grasp and disturb,
and “prendi e ostacola—grasp and hinder). The sentences
comprising the verbal pairs “grasp and use” and “grasp and move”
were already used in Experiment 1 and served as critical trials.
Sentences comprising the verbal pairs “grasp and disturb” and
“grasp and hinder” worked as catch trials. It should be noted that
the combination of these two verb pairs with a noun referring to
a tool gave rise to sentences which did not make sense. We used
this kind of sentences as catch trials so that the participants would
not have to memorize the verb pairs to which they have to refrain
from responding. As in Experiment 1, the verb pairs used in the
critical sentences were composed of 6 syllables, and had a similar
additive relative lexical frequency. Moreover, nouns referring to
the precision-grip and power-grip tools were matched for syllable
number and lexical frequency (see Materials of Experiment 1).

Procedure

The same procedure was used as in Experiment 1, except that
the participants performed a block of 32 trials in the training
phase and a block of 224 trials in the test phase. In both phases,
the order of stimulus presentation was randomized and Verb
Pair (“grasp and use,” “grasp and move,” “grasp and disturb,’
and “grasp and hinder”), Tool Handle Orientation (left, right),
and Tool Grip (precision, power) factors were fully balanced.
As in the test phase of Experiment 1, each of the 4 verb pairs
was combined with each of the 14 tool nouns (for a total of
56 different sentences). Each sentence, which was presented 4
times during the whole test phase, was followed twice by the
photograph of the tool mentioned in the sentence (i.e., same-tool
trials),—with the handle pointing once downward to the left and
once downward to the right—, and twice by the photograph of a

tool not mentioned in the sentence (i.e., different-tool trials),—
with the handle pointing once downward to the left and once
downward to the right. The photographs used in the different-
tool trials depicted tools which were graspable with the same
kind of grip as that required to grasp the tool mentioned in the
sentence for half of the times, and with a different kind of grip
for the other half of the times. Throughout the test phase, the
participants could take a break after every 56 trials.

Results

The grand mean percentage error was 3.16% of total trials
(response errors = 1.96%, catch errors = 1.17%). The catch trials
and the wrong critical trials were excluded from the analysis.
Three participants were removed from the analysis because their
error rate was statistical outlier (i.e., two standard deviation
higher than the error rate grand mean). Before being analyzed,
the RTs measured for the correct critical trials were screened for
outliers according to the same criteria as applied in Experiment
1 (4.25% of correct RTs were omitted from the analysis). Given
that there was no speed-for-accuracy tradeoff, as determined by
a plot of error rate across decile temporal bins (see Figure 3A),
the remaining RTs measured for the same-tool trials and for
the different-tool trials were separately submitted to a mixed
ANOVA with the same between- and within-subjects factors
as considered in Experiment 1. As in Experiment 1, skewness
and kurtosis of RTs distributions were examined to determine
whether the data were normally distributed (values for departure
from normality: skewness >2 and kurtosis >7; West et al., 1995).
Partial eta squared values (7112,) were reported as a metric of effect
size for all significant ANOVA contrasts. The Duncan’s test was
used as a post-hoc test with a significance level set at 0.05. As
before, only significant results have been reported.

Same-Tool Trials

RTs were normally distributed as the skewness and kurtosis
indexes were within acceptable ranges of normality (skewness =
1.42 £ 0.07; kurtosis = 2.38 £ 0.14). As in Experiment 1, the
ANOVA revealed a main effect of Tool Grip [F(; 20 = 29.76,
MSE = 44576, p < 0.001, 7712; = 0.60], with longer response
latencies when the tool was graspable with a power grip than
with a precision grip (551 vs. 519 ms), as well as a main effect
of Verb Pair [F(; ) = 12.10, MSE = 28,776, p < 0.003, 7712, =
0.38], indicating faster RTs for sentences comprising the verbs
“grasp and use” (522 ms) than “grasp and move” (548 ms). In
addition, the ANOVA revealed a significant interaction between
Tool Grip and Verb Pair [F(; 50y = 4.90, MSE = 6343, p < 0.04,
r]; = 0.20], indicating that the primacy of the “grasp-and use”
sentences in priming subjects’ responses was confined to the tools
graspable with a precision grip (precision-grip tools = 499 ms,
power-grip tools = 544 ms; p < 0.001). Noticeably, there was also
a significant interaction between Verb Pair and Hand/Handle
Orientation [F(; 59) = 15.67, MSE = 25,068, p < 0.001, 1;12) =0.44],
showing an inversion of the affordance effect for the sentences
containing the verbs “grasp and use” (congruent orientation =
531 ms, incongruent orientation = 513 ms; p < 0.05) and a
classic affordance effect for the sentences containing the verbs
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A Experiment 2: Response error across decile bins
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FIGURE 3 | (A) Experiment 2—Error rate across decile temporal bins of
approximately 108 trials each, for the same-tool trials (outline disks) and the
different-tool trials (outline diamonds), separately. (B) Experiment
2—Same-tool trials. Mean RTs as a function of Verb Pair separately for
congruent and incongruent Hand/Handle Orientations (gray squares and black
squares, respectively). The error bars represent the standard error.

“grasp and move” (congruent orientation = 533 ms, incongruent
orientation = 563 ms; p < 0.003; see Figure 3B).

Different-Tool Trials

RTs were normally distributed as the skewness and kurtosis
indexes were within acceptable ranges of normality (skewness =
1.72 & 0.07; kurtosis = 3.47 £ 0.15). The ANOVA revealed a
main effect of Hand/Handle Orientation [F(;, 50) = 4.64, MSE =
13,117, p < 0.05, n’% = 0.19], indicating faster RTs when subjects’
response hand was spatially incompatible with the tool handle
(590 ms) that when it was compatible (603 ms).

Discussion

Decreasing the number of verb pairs used in the critical trials
and reducing the cognitive load for the catch trials led to a
marked reduction of the task difficulty. Indeed, the grand mean
of percentage error was much lower than that of Experiment 1
(3.16 vs. 16.92%, respectively).

The results for the same-tool trials converge and extend those
collected in the previous experiment. First, it is confirmed our
interpretation that while understanding sentences obtained by
combining a pair of action verbs with the noun of a tool, the
motor information evoked by the noun is modulated by the
specific motor-chain expressed by the verbs, as the primacy of

the grasping-to-use motor chain over the grasp-to-move motor
chain in priming word-picture matching was replicated.

Second, we were able to reproduce the inverted affordance
effect observed in Experiment 1 for the “grasp and use” sentences.
Interestingly, the removal of the sentences containing at least an
observational act (i.e., “look at and grasp” and “look and stare”)
enabled the classic affordance effect to be significantly detected
in those trials where the grasp-to-move chain motor was used. It
is likely that, under this condition, the non-functional grasping
motor chain was plainly contrasted with the functional grasping
motor chain, rather than being assimilated to the observational
motor chains. As a consequence, the manipulation information
evoked by the noun was capable of prevailing over the functional
information, causing the affordance effect.

The results for the different-tool trials confirmed those
collected in Experiment 1, since the advantage for the functional
grasping motor chain over the non-functional motor chain in
priming picture matching completely disappeared. In addition,
there was an inversion of the affordance effect independently
of the specific motor chain expressed by the sentence likely
reflecting that coding the functional part of the visual tool assured
a better recognition when it was inconsistent with the tool
mentioned in the sentence.

GENERAL DISCUSSION

In two experiments, we investigated the chained activation of the
motor system during language understanding by exploring the
priming effects exerted by the comprehension of a tool noun on
the recognition of a tool displayed in a picture presented shortly
after. The tool noun was combined with a pair of action verbs to
form a sentence expressing different grasping and observational
motor chains. Overall, our results reveal an important role of the
context as defined by the sentence in affordance perception; this is
in line with previous studies documenting the importance of both
verbal and visual context in affordance perception (e.g., Kalénine
et al., 2012, 2016; Borghi and Riggio, 2015). More specifically,
we found that accessing the meaning of the tool noun activated
motor information that changed in accordance with the final
goal of the motor chain expressed by the verbs. The functional
information prevailed on the volumetric information when the
noun of the tool was embedded in the grasp-to-use motor chain.
Motor information of the volumetric kind was likely activated
for the grasp-to-move motor chain and when the tool noun was
embedded in the look-at-to-grasp motor chain. Instead, action
information was absent if the pure observational motor chain was
used (i.e., look-at-and-stare), as the slower RTs reveal.

The advantage of the precision-grip tools over the power-
grip tools that we found in both the experiments is in contrast
with a number of studies showing lower RTs in responding to
power-grip tools as compared to precision-grip tools (Ehrsson
et al, 2001; Borghi and Riggio, 2009; Kalénine et al., 2014).
It is likely that our functional motor chains selectively activate
motor information related to a grasping gesture performed using
a precision grip and this may be the likely reason why we found
an advantage of the prevision-grip tool over the power-grip tool.
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This possibility is supported by the results of Experiment 2,
showing that the precision-grip tool advantage is consistent only
in trials where the grasp-to-use motor chain was used.

The current study is novel as it provides evidence that
the motor information activated while understanding nouns of
common tools has a goal-directed structure. In other words,
the motor information these nouns are capable of activating is
dependent on the aim of the global action performed with the
tool and described by the other linguistic component of the
sentence. This is in keeping with the idea that the activation
of motor information by graspable objects always demands a
selection of competing motor information (e.g., Fagg and Arbib,
1998). The context in which the objects are presented is thought
to be a crucial factor that drives this selection. In an fMRI
study, Iacoboni et al. (2005) showed reliable differences in the
activity of the inferior frontal region during the observation of a
grasping action (i.e., a hand seizing a cup) carried out in different
contexts (i.e., “before tea” vs. “after tea”), likely indicating an
automatic coding of the intention/goal behind the observed
action (i.e., grasping the cup for drinking vs. grasping the cup
for cleaning, respectively). More recently, Mizelle and Wheaton
(2010), evaluating the neural correlates for tool identification and
conceptual understanding with electroencephalography (EEG),
found greater activity over the left temporo-parietal junction
(that is thought to be part of a manipulation network) for
tools presented in a matching functional-related context (ie.,
followed by objects upon which the tools can act) than in a
mismatching functional-related context. Preliminary evidence
supporting a context-guided selection of motor information
evoked by graspable objects was found also when a verbal
presentation was used. For example, Lee et al. (2012), using eye-
movement recording, found that the activation time course of
functional and volumetric motor information by words of tools
was modulated by the linguistic context in which the words
are embedded (neutral vs. action-relevant context). Similarly,
Marino et al. (2012) found that the motor information evoked
during the comprehension of nouns of graspable objects was
shaped by the sensorimotor specificity expressed by the sentence
in which the nouns are embedded.

Since context (mostly expressed by verbs) and objects
(expressed by nouns) are not presented in parallel by language,
as it is for vision, it is an open question how these two
factors interact in activating and selecting the motor information.
Two processes are theoretically possible. According to Bub and
Masson (2010), a process of activation-then-selection occurs
during sentence understanding. Specifically, different types of
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