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A B S T R A C T

Can the body shape meaning? Eight experiments (four preregistered) tested whether interfering with the motor 
system changes how people interpret language about actions. Participants (total N = 880) rhythmically moved 
their hands or feet while being presented with sentences describing hand or foot actions (e.g., “scoring a goal in 
soccer”) and asked to choose between two interpretations of their meaning: one more concrete (e.g., ”kicking a 
ball“) and another more abstract (e.g., ”winning a match“). Despite not all experiments showed significant re
sults, the overall pattern revealed effector-specific effects of motor interference on meaning construction, which 
were further modulated by the amount of delay between the sentences and their interpretations. When the delay 
was short (200 ms), participants chose more concrete interpretations for described actions that involved the same 
effector being moved. In contrast, when the delay was long (15 s), participants who moved their feet chose more 
abstract interpretations for foot-related sentences. Although preliminary, these results provide the first evidence 
that motor action can cause qualitative changes in sentence understanding, consistent with the functional role of 
the motor system in lexical semantics suggested by embodiment theories.

Introduction

How does the motor system contribute to language understanding? 
According to 20th-century models of language, the role of the motor 
system was limited to producing the forms of words (Cutler & Clifton, 
1999; Levelt, 1999). However, with the rise of embodied and grounded 
approaches to cognition, a growing body of research suggests that the 
motor system also plays a role in computing the meaning of words and 
phrases that describe actions (see Fischer & Zwaan, 2008; Mahon & 
Caramazza, 2008; Meteyard et al., 2012; Pulvermüller, 2013; Willems & 
Casasanto, 2011, for reviews offering contrasting perspectives). Here we 
tested whether manipulating motor activity can influence how 
abstractly or concretely people mentally represent actions described in 
language.

In neuroimaging studies, verbs like “throw” and “kick” activate hand 
and foot regions of motor or premotor cortices (e.g., Aziz-Zadeh et al., 
2006; Hauk et al., 2004; Tettamanti et al., 2005; Willems et al., 2010a). 

In motor interference and neurostimulation studies, perturbing activity 
in hand or foot motor areas modulates performance in judgements of 
action verbs and sentences (e.g., Gijssels et al., 2018; Glenberg et al., 
2008; Pulvermüller et al., 2005; Shebani & Pulvermüller, 2013; Willems 
et al., 2011). Together, these studies suggest two conclusions. First, 
when people understand action verbs, they create implicit simulations of 
the actions that the verbs name, using the same cortical motor circuits 
that are involved in planning and executing these actions (but see Postle 
et al., 2008). Second, activity in effector-specific motor areas plays some 
functional role in constructing the meanings of action language (but see 
Montero-Melis et al., 2022; Solana & Santiago, 2022, 2023).

Nonetheless, previous evidence that motor simulations functionally 
contribute to language understanding has focused on demonstrating 
quantitative changes in reaction times and accuracy. Could interfering 
with motor simulations lead to qualitative changes in language under
standing, causing the same words or phrases to mean something 
different? Providing evidence for this idea could have significant 
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implications for theories of embodied language comprehension. It 
would suggest that the motor system is not only relevant for under
standing meaning efficiently but also shapes the kinds of meanings that 
people construe from language, thereby providing compelling evidence 
for a causal contribution of motor information to language semantics 
(Casasanto, 2023; Willems & Casasanto, 2011).

To address this question, we took advantage of the fact that actions 
can be construed at multiple levels of abstraction (Trope & Liberman, 
2010; Vallacher & Wegner, 1987, 1989). Like many psychological 
constructs, the terms “abstract” and “concrete” are defined differently in 
different contexts (Borghi, 2022; Reilly et al., 2025). Following Val
lacher and Wegner (1987) and others, here we posit that abstract in
terpretations of motor actions highlight the actions’ goals or outcomes, 
and are general enough to encompass many possible realizations of the 
action. By contrast, relatively concrete interpretations of motor actions 
highlight the actions’ mechanical details, and therefore specify how the 
action is realized. For example, an action like “casting a vote” can be 
understood in terms of its abstract goals (e.g., “supporting a candidate”) 
or its concrete, mechanical details (e.g., “writing an X on a ballot”). Of 
crucial importance for our study, abstract and concrete action in
terpretations typically differ in the extent to which they are defined by 
the movement of particular body parts. Whereas “more abstract” action 
interpretations tend to be “less movement defined” (Vallacher & 
Wegner, 1987, p. 12), “more concrete” representations of the same ac
tions specify “the actual movements to be undertaken” and the effectors 
used to perform them (ibid, p. 4).

We hypothesized that motor simulations help language users repre
sent the motoric details of actions and, therefore, that the enhancement 
or suppression of motor simulations can cause qualitative changes in the 
interpretations that language users construe. In a previous study (Solana 
et al., 2024), we tested this hypothesis by adapting Vallacher and 
Wegner’s (1989) Behavioral Identification Form (BIF), a questionnaire 
used to measure individuals’ inclination to construe actions concretely 
or abstractly. For each action described, participants were asked to 
choose either a concrete interpretation that highlights the action’s 
motoric details, or a more abstract interpretation that describes the ac
tion focusing on its goals or outcomes. Half the actions involved the 
hands, while the other half involved the feet. Before completing the task, 
participants were applied low-frequency repetitive transcranial mag
netic stimulation (rTMS) to either the hand region of the left primary 
motor cortex (M1) or the vertex (as a control region). As this protocol is 
expected to inhibit the excitability of targeted brain regions (Chen et al., 
1997), we predicted rTMS over the hand M1 to hinder the computation 
of the concrete details of hand sentences, biasing participants toward 
more abstract interpretations than for foot sentences. However, despite 
successfully inhibiting M1, we observed no significant changes in par
ticipants’ interpretation choices.

Here we report a complementary test for the hypothesis that was 
conducted in parallel to the TMS study. Instead of altering participants’ 
motor system via brain stimulation, participants in the present study 
tapped a complex rhythm with either their hands or their feet—a task 
that requires the recruitment of the neural circuits for motor planning 
and performance (Shebani & Pulvermüller, 2013). Interestingly, a study 
published during the preparation of the present work also used this 
manipulation and concluded in support of qualitative changes in lan
guage comprehension (Togato et al., 2021). Specifically, these authors 
reported that tapping a rhythm with the hands or the feet altered the 
likelihood of choosing hand- and foot-related meanings for homograph 
words. Whereas Togato and colleagues used single words and focused on 
the preference towards the two meanings of a homograph, here we used 
sentences describing actions and focused on the level of abstraction at 
which they can be construed. Additionally, we also explored the flexi
bility and time course of motor simulation during meaning construction 
by varying the amount of delay between the action and its in
terpretations across experiments: 15 s (Experiments 1, 4–7) vs. 200 ms 
(Experiments 2, 3 and 8). The specific design and hypotheses of each 

experiment are detailed in the sections below.
The manuscript is structured as follows. First, we present eight ex

periments designed to test our predictions and explore their modulation 
by delay. Next, we report a series of simulations, along with an inte
grative analysis of all the experiments, aiming to provide a compre
hensive explanation for the pattern of results observed across 
experiments.

Transparency and openness

We hereby state that we report how we determined our sample sizes, 
all data exclusions, all manipulations, and all measures in the study. 
Experiments 5–8 were preregistered prior to data collection. Experi
ments 1–4 were not preregistered but were analyzed using the analysis 
pipeline preregistered for Experiments 5–8. All data, analysis code, 
materials, and supplementary information are available at the Open 
Science Framework (OSF) repository: https://osf.io/58uvr/.

Experiment 1

In the first experiment, participants were visually presented with 
sentences describing hand or foot actions and chose between a concrete 
and an abstract interpretation of each action. Between the presentation 
of the action and the interpretations, participants rhythmically tapped 
either their hands or feet for 15 s. In their seminal study, Shebani and 
Pulvermüller (2013) showed that moving the hands/feet for 6 s impairs 
memory for hand/foot verbs. Therefore, we hypothesized that per
forming the same rhythmic sequence for 15 s would interfere with the 
simulation of the motoric details of action verbs implying the same 
effector, thus fostering abstract interpretations. Specifically, tapping 
with the hands should interfere with participants’ ability to simulate 
hand actions, leading to a greater proportion of abstract hand-action 
interpretations. Likewise, tapping with the feet should interfere with 
participants’ ability to simulate foot actions, leading to a greater pro
portion of abstract foot-action interpretations.

Methods

Participants
Ninety students from the University of Granada (Spain) took part in 

the experiment (Mage = 20.24, SDage = 2.32; 8 men; 10 left-handers). All 
of them were native Spanish speakers, participated voluntarily, and 
were compensated with course credits. The Ethics Committee on Human 
Research of the University of Granada approved the experiment (697/ 
CEIH/2018). Sample size for this study was not pre-established, as it was 
impossible to estimate an effect size from prior literature. We set a 
minimum of 40 participants per group (doubling the minimum of 20 
participants per cell recommended by Simmons et al., 2011) and ended 
up running 45 because of participant availability.

Materials
There were 24 sets of action descriptions and interpretations (see the 

OSF repository for the full list). Half of the items described hand actions 
(e.g., “writing a message on a computer”), and the other half described 
foot actions (e.g., “scoring a goal in soccer”). As in Vallacher and Wegner 
(1989), each description was followed by two interpretations, one more 
concrete (e.g., “typing letters/kicking a ball into a net”) and the other 
more abstract (e.g., “getting in touch with someone/getting ahead on 
the scoreboard”).

The 24 descriptions and interpretations used in the experiment were 
selected from a set of 38 hand and 38 foot descriptions, each with a 
concrete and an abstract interpretation, that were normed using an in
dependent sample of 42 participants from the same population. Partic
ipants in the norming study received a leaflet containing all 76 
sentences, each one paired with its two interpretations. Half the items 
were followed first by the concrete interpretation and the other half by 
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the abstract interpretation. There were two leaflets with a different 
random order of the items. Participants marked which interpretation 
best described the meaning of each action description. For each 
description we computed the proportion of participants who chose the 
more abstract interpretation. To avoid ceiling/floor effects, experi
mental sentences were chosen from items with proportions between 
0.40 and 0.60.

To ensure that the task and the selected items were valid to track 
changes in abstraction level, we carried out two validation studies, one 
in person (N = 40) and another online (N = 100).2 In both studies, we 
followed the strategy developed by Mac Giolla and colleagues (2025) to 
validate the BIF: participants were given explicit instructions to think in 
concrete or abstract terms about the actions (i.e., “Focus on the physical 
performance of the actions” vs. “Focus on the overall purpose and 
meaning of the actions”) and then select the interpretation they felt 
more adequate. Crucially, participants in the abstract groups selected 
significantly more abstract interpretations (in person: M = 0.66; online: 
M = 0.63) than participants in the concrete groups (in person: M = 0.23, 
p < 0.001; online: M = 0.07, p < 0.001), thus confirming the validity of 
the selected materials to measure changes in abstraction level. Detailed 
information about the preregistration, participants, procedure, analysis, 
and results of these validation studies is provided as supplementary 
materials in the OSF repository.

Procedure
Participants were randomly assigned to two groups. One group 

performed a rhythm by tapping with their hands on the table (N = 45), 
whereas the other group tapped with their feet on the floor (N = 45). The 
effector producing the rhythm was manipulated between groups to 
avoid participants guessing the objective of the study. The rhythm was 
the same used by Shebani and Pulvermüller (2013): RLRRLRLL (where R 
is the right, and L is the left hand/foot). Participants practiced the 
pattern until they were able to produce it fluently and accurately. Then, 
the experimenter explained the task to the participant and the experi
ment started.

Participants started the first trial by pressing the space bar, which 
triggered an action description to appear in the center of the screen, 
where it remained until the participant pressed the space bar. The sen
tence was then replaced by the word “RITMO” (rhythm). Participants 
performed the rhythm for 15 s until the word disappeared from the 
screen and was followed by the two interpretations of the sentence. 
These were presented one above the other, numbered with the digits 1 
and 2. Participants read the sentences without time pressure and then 
pressed the key 1 or 2 to indicate which interpretation they thought best 
fit the action description. They were told that both interpretations were 
equally valid. After the response was collected, the screen was cleared 
and a message informed them to press the space bar, which began the 
next trial after a 1000 ms blank interval.

The experimental block comprised 24 trials (one per each set of ac
tion and interpretations; 12 hand actions and 12 foot actions) and was 
preceded by a 5-trials practice block. We did not repeat items as it 
seemed likely that, once the participants have chosen one interpretation 
for a given sentence, they would choose the same interpretation in a 
subsequent presentation of the sentence. There were four optional 
breaks, one every six trials. Sentence order was randomized for each 
participant, and the vertical location of the concrete and abstract in
terpretations for each item was counterbalanced across participants.

The experimenter stayed in the room during the whole session, 
outside of participant's view, monitoring rhythm production and cor
recting any important deviations (e.g., stopping the rhythm altogether, 
producing a simple alternating-hand rhythm, or failing to fall back into 

the sequence immediately). Occasional mis-taps were not recorded. We 
set out to filter out participants who systematically failed to perform the 
rhythm faithfully, clearly signaling that they were not performing the 
task as intended, but no participant met this criterion.

Data analysis
All the experiments were analyzed by means of mixed-effects bino

mial regressions, using the lme4 package in R (Bates et al., 2015a). These 
models allowed us to treat subjects and items as simultaneous random 
effects, and to avoid treating categorical judgments as continuous 
(Jaeger, 2008).

We always started with the maximal model justified by the design, to 
avoid increasing Type I error (Barr et al., 2013). The fixed term of this 
model included the factors Verb (hand vs. foot action) and Rhythm 
(hand vs. foot rhythm), as well as their interaction. Factors were dummy 
coded as + 0.5 and − 0.5 to be treated as predictors centered in zero. The 
random term included random intercepts for Items and Participants, as 
well as the slope of the fixed factors that varied over the corresponding 
random factor. The dependent variable was the participant’s choice: 
abstract (1) or concrete (0). In R notation: glmer(data, Choice ~ 
Rhythm*Verb + (1 + Rhythm|Item) + (1 + Verb|Participant), family =
binomial(link = logit)).

We then took a top-down approach and searched for the simplest 
model that retained the maximum degree of fit to the data (Bates et al., 
2015b). The full model selection process for all experiments is detailed 
in the analysis scripts available in the OSF repository. P-values were 
obtained from type II Wald chi-square tests, using the car package (Fox 
& Weisberg, 2019). Effect sizes were calculated as odds ratios (OR) by 
exponentiating the estimates of the models, and 95% CIs around them 
were computed using bootstrapping methods.

Results and discussion

As predicted, motor interference affected meaning construction from 
action sentences in an effector-specific way, as indexed by a significant 
interaction between Rhythm and Verb (χ2(1) = 23.03, p < 0.001, OR =
2.67, 95% CI = [1.78, 4.01]; Fig. 1). Participants in the hand group 
chose more abstract interpretations for hand sentences (M = 0.52) than 
for foot sentences (M = 0.44; χ2(1) = 4.86, p = 0.03, OR = 1.52, 95% CI 
= [1.03, 2.27]), while participants in the foot group selected more ab
stract interpretations for foot sentences (M = 0.34) than for hand sen
tences (M = 0.25; χ2(1) = 4.20, p = 0.04, OR = 1.75, 95% CI = [1.01, 
3.13]). Experiment 1 also revealed a main effect of Rhythm: participants 
who tapped with the hands chose more abstract interpretations than 
participants who tapped with the feet (χ2(1) = 14.35, p < 0.001, OR =
1.70, 95% CI = [0.98, 2.99]). The effect of Verb was not significant 
(χ2(1) = 0.01, p = 0.94, OR = 0.58, 95% CI = [0.36, 0.92]).

These results provide a clear-cut case for a causal role of motor 
processes in construing meaning from language: satiating motor areas 
with a secondary repetitive motor task during language comprehension 
qualitatively changes the meaning arrived at.

According to prominent proposals, simulations require time to un
fold (e.g., Barsalou et al., 2008). Consequently, altering simulations at 
different points of their development may differentially affect how 
meaning is construed. In line with this idea, previous findings support 
that motor-language interactions change over the temporal course of 
language comprehension. For instance, in a kinematic study, Boulenger 
et al. (2006) showed that processing action verbs interferes with a 
concurrent reaching movement, whereas the same words facilitate re
sponses when presented before movement onset. Another example is 
provided by studies showing that the sign of the Action-Sentence 
Compatibility Effect (ACE) depends on the SOA between sentence and 
response: at short SOAs, there is an interference on reaction times, 
whereas facilitation is found with longer SOAs (de Vega et al., 2013; 
Winter et al., 2022). In the present experiment, we included a 15 s delay 
between sentence and interpretations. Would it be possible that a 

2 These validation studies, as well as the one reported in Experiment 6, were 
carried out once the experimental series was completed, but they are reported 
here to increase the readability of the manuscript.
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shorter delay changes the observed interaction? To test for this possi
bility, in the next experiment, we used a shorter delay of 200 ms.

Experiment 2

Experiment 2 was devoted to exploring the generalizability, flexi
bility and time course of the involvement of motor simulation in lan
guage comprehension. To this end, the delay between sentence and 
interpretations was very short (200 ms), and participants produced the 
rhythm in a continuous fashion throughout the session. The sentences 
were presented auditorily and participants gave their response verbally. 
Drawing on previous evidence supporting that motor-language in
teractions change over the temporal course of language processing (see 
above), we predicted the shape of the interaction in Experiment 1 to 
change, although we did not have clear expectations for the exact form 
of the change.

The changes in the modality of presentation and the simultaneity 
between rhythm and sentence processing were implemented to examine 
the generalizability of the effect to other plausible contexts, reflecting 
how language is typically experienced: mainly orally and often accom
panied by gestures. Accordingly, we expected these changes to have no 
effect—although we controlled them in later experiments. The modality 
of response was changed from manual to verbal in order to avoid par
ticipants using their hands to respond, which may influence motor 
system activation (e.g., Hauk et al., 2004). We also expected this change 
to have no specific effect.

Method

Participants
We set the same sample size as in Experiment 1. Ninety new native 

Spanish speakers from the same population as in Experiment 1 took part 
in the experiment (Mage = 21.2, SDage = 2.76; 18 men; 6 left-handers).

Materials and procedure
Everything was similar to Experiment 1, with the following excep

tions. At the beginning, participants were instructed to perform the 
rhythm during the whole session. The experiment started when the 
researcher pressed the space bar and the word “RITMO” appeared on the 
screen. After performing the rhythm for 10 s, an action description was 

auditorily presented through headphones. We used the same 24 sen
tences as in Experiment 1, recorded by a female native Spanish speaker. 
200 ms after the end of the sentence, the word “RITMO” was replaced by 
the two interpretations of the sentence. Participants gave their response 
aloud and the experimenter inputted the selected number using a 
keyboard, out of participants’ sight. We used a random inter-trial in
terval between 200 and 1000 ms.

Results and discussion

In line with our prediction, the results showed again an interaction 
between Rhythm and Verb (χ2(1) = 123.81, p < 0.001, OR = 11.11, 95% 
CI = [7.14, 16.67]; Fig. 2), but with a complete reversal in its shape: 
participants in the hand group chose less abstract interpretations for 
hand sentences (M = 0.16) than for foot sentences (M = 0.39; χ2(1) =
31.13, p < 0.001, OR = 3.85, 95% CI = [2.33, 6.25]), while participants 
in the foot group selected less abstract interpretations for foot sentences 
(M = 0.26) than for hand sentences (M = 0.45; χ2(1) = 10.11, p < 0.001, 
OR = 3.03, 95% CI = [1.50, 6.31]). Additionally, the present experiment 
also found a main effect of Rhythm (χ2(1) = 4.74, p = 0.03, OR = 2.03, 
95% CI = [1.36, 3.03]), with participants who tapped with the feet 
choosing more abstract interpretations than participants who tapped 
with the hands. The main effect of Verb was not significant (χ2(1) =
0.001, p = 0.92, OR = 2.83, 95% CI = [1.62, 5.03]).

This result stands in sharp contrast to the findings of Experiment 1 
and suggest a dissociation between the processes underlying meaning 
computation in the two experiments. Yet, the cause of this dissociation is 
so far unclear, given that several aspects changed between Experiment 1 
and 2: besides delay duration, the reversal of the interaction could also 
be explained by the use of the auditory-vocal modality for sentence 
presentation and response (vs. the visual-manual modality of Experi
ment 1), or because, contrary to the previous experiment, the rhythm 
was being performed at the same time as the sentences were being 
listened to. Experiments 3–5 were aimed to disentangle these potential 
causes.

Experiment 3

In Experiment 3, we eliminated the simultaneity between performing 
the rhythm and processing the sentences, while maintaining the short 

Fig. 1. Proportion of abstract interpretations in Experiment 1 as a function of Rhythm and Verb. Jittered points represent the individual mean of each participant. 
Error bars represent the 95% CI around the mean.
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delay and the auditory-vocal modality. As we expected the delay to be 
the crucial factor mediating the shape of the interaction, we predicted 
the same pattern of results as in Experiment 2.

Methods

Participants
We set the same sample size than in the previous experiments. Ninety 

new native Spanish speakers from the same population as in Experiment 
1 took part in the experiment (Mage = 20.02, SDage = 2.45; 19 men; 3 
left-handers).

Materials and procedure
Everything was kept exactly as in Experiment 2, with the following 

exceptions. At the beginning of each trial, the word “RITMO” appeared 

on the screen for 10 s and the participants performed the rhythm during 
this time. Then, the word “RITMO” was replaced by the word “STOP”, 
indicating the participants to stop performing the rhythm. After a pause 
of 1000 ms, a sentence was presented through headphones, and 200 ms 
later, the word “STOP” was replaced by the two interpretations.

Results and discussion

The analysis revealed no main effect of Verb (χ2(1) = 1.32, p = 0.25, 
OR = 2.13, 95% CI = [1.31, 3.52]) nor of Rhythm (χ2(1) = 0.09, p =
0.76, OR = 2.60, 95% CI = [1.68, 4.06]). However, the interaction be
tween Rhythm and Verb was significant (χ2(1) = 107.23, p < 0.001, OR 
= 8.33, 95% CI = [5.56, 12.50]; Fig. 3). Participants in the hand group 
chose fewer abstract interpretations for hand sentences (M = 0.22) than 
for foot sentences (M = 0.48; χ2(1) = 35.96, p < 0.001, OR = 0.26, 95% 

Fig. 2. Proportion of abstract interpretations in Experiment 2 as a function of Rhythm and Verb. Jittered points represent the individual mean of each participant. 
Error bars represent the 95% CI around the mean.

Fig. 3. Proportion of abstract interpretations in Experiment 3 as a function of Rhythm and Verb. Jittered points represent the individual mean of each participant. 
Error bars represent the 95% CI around the mean.

P. Solana et al.                                                                                                                                                                                                                                  Journal of Memory and Language 148 (2026) 104749 

5 



CI = [0.16, 0.41]), while participants in the foot group selected fewer 
abstract interpretations for foot sentences (M = 0.29) than for hand 
sentences (M = 0.43; χ2(1) = 6.62, p = 0.01, OR = 2.19, 95% CI = [1.18, 
4.14]).

These results replicated Experiment 2 when the rhythm was stopped 
before the sentence was presented (instead of being simultaneous). This 
suggests that the dimension of simultaneity-sequentiality is not 
responsible of the reversal in the shape of the interaction that we wit
nessed from Experiment 1 to Experiment 2. In the next experiment, we 
put to direct test the hypothesis that the length of the delay interval is 
the crucial factor in determining the shape of the interaction.

Experiment 4

In Experiment 4, we kept everything identical to Experiment 3 
(including the auditory-vocal modality), but exchanged the positions of 
the beginning of the rhythm and the presentation of the sentence, such 
that the delay between them became as long as in Experiment 1. We 
hypothesized that the length of the delay is the crucial factor deter
mining the shape of the interaction, so we expected to observe a pattern 
of results as in Experiment 1.

Methods

Participants
We set the same sample size than in the previous experiments. Ninety 

new native Spanish speakers from the same population as in Experiment 
1 took part in the experiment (Mage = 20.43, SDage = 2.51; 22 men; 9 
left-handers).

Materials and procedure
The procedure was as in Experiment 3, with the following changes. 

At the beginning of the trial, a sentence was presented auditorily. 200 ms 
later, the word “RITMO” appeared on the screen, indicating the partic
ipants to perform the rhythm, which was maintained for 15 s. After that, 
the word disappeared and was replaced by the two interpretations of the 
sentence. Then, the participants stopped performing the rhythm and 
made their decision.

Results and discussion

The experiment showed a significant interaction between Rhythm 
and Verb (χ2(1) = 5.28, p = 0.02, OR = 1.60, 95% CI = [1.07, 2.41]; 
Fig. 4), which exhibited the predicted qualitative pattern of results also 
found in Experiment 1: participants in the hand group chose more ab
stract interpretations for hand sentences (M = 0.39) than for foot sen
tences (M = 0.37; χ2(1) = 0.49, p = 0.48, OR = 1.18, 95% CI = [0.74, 
1.91]), whilst participants in the foot group selected more abstract in
terpretations for foot sentences (M = 0.34) than for hand sentences (M =
0.29; χ2(1) = 1.39, p = 0.24, OR = 0.73, 95% CI = [0.43, 1.23]), 
although these pair-wise comparisons were not significant. Neither the 
main effect of Rhythm (χ2(1) = 2.38, p = 0.12, OR = 1.19, 95% CI =
[0.68, 2.07]) nor the main effect of Verb (χ2(1) = 0.02, p = 0.88, OR =
1.33, 95% CI = [0.79, 2.27]) was significant.

These results support the notion that the key factor which controls 
the shape of the interaction is the length of the delay between sentence 
and interpretation: with a short delay, a secondary motor task biases 
participants toward more concrete interpretations, while with a long 
delay, it biases participants toward more abstract interpretations—al
ways in an effector-specific way. Yet, the size of the interaction was 
smaller in Experiment 4, and the pairwise contrasts of Verb in each 
motor interference condition did not reach significance. To ensure the 
robustness of present findings, we carried out two additional experi
ments. First, another long-delay experiment, but incorporating again the 
simultaneity between rhythm and sentence, which was expected to have 
no influence on the effect (Experiment 5). Second, a replication in 

English of Experiment 4 (Experiment 6). Moreover, for the first time in 
this experiment series, we based the sample sizes on power calculations 
and preregistered the studies before data collection.

Experiment 5

In Experiment 5, we maintained the long delay and the auditory- 
vocal modality, but participants performed the rhythm during the 
whole experimental session while they processed the sentences. Since 
we believed that the simultaneity between performing the motor task 
and processing the actions was not relevant to our results, we expected 
to observe an interaction with the same shape as in Experiments 1 and 4. 
Hypotheses, sample size, design, and analysis plan for this experiment 
were preregistered prior to data collection: https://osf.io/fcjxp/fi 
les/e43p9.

Methods

Participants
Experiment 4 found that the interaction between Rhythm and Verb 

had an effect size of OR = 1.60, which corresponds with an estimate of β 
= 0.47. By means of Monte Carlo simulations using the R package simr 
(Green & MacLeod, 2016), we computed the sample size required to 
observe an effect size of β = 0.5 with 80% power and an alpha of 5%. The 
computations resulted in a minimum of 60 participants per group (total 
N = 120). However, following the principles of sequential analysis 
(Wald, 2004; see also Lakens, 2014), we established an additional 
constraint: we would divide alpha between two analysis points. When 
we reached N = 120, we would test the effect of interest at alpha = 0.03. 
If not significant, we would continue data collection until reaching 65 
participants per group (total N = 130) and test the effect of interest at 
alpha = 0.02. By establishing this conditional stopping rule, we keep 
Type I error at the desired level of 5%.

At last, 120 new native Spanish speakers from the same population as 
in Experiment 1 took part in the experiment (Mage = 21.38, SDage = 3.66; 
14 men; 12 left-handers). We did not reach N = 130 because the results 
with 120 participants clearly suggested the absence of the expected 
interaction, and we believed that adding five more participants per 
group would not make the desired effect arise.

Materials and procedure
This experiment was the same as Experiment 4, with the only dif

ference that the participants performed the motor task in a continuous 
fashion during the whole session (with optional breaks every six trials). 
Each trial started when the experimenter pressed the space bar, which 
made the word “RITMO” appear on the screen. Two seconds later, the 
action description was presented auditorily. After 15 s, the word RITMO 
disappeared and participants were presented with the two 
interpretations.

Results and discussion

There was not a main effect of Verb (χ2(1) = 0.73, p = 0.39, OR =
0.82, 95% CI = [0.49, 1.35]) nor Rhythm (χ2(1) = 0.03, p = 0.86, OR =
1.03, 95% CI = [0.69, 1.51]). Contrary to our expectations, the inter
action between Rhythm and Verb was also non-significant (χ2(1) =
0.003, p = 0.96, OR = 1.01, 95% CI = [0.72, 1.42]; Fig. 5). Participants 
who moved the hands did not differ in their proportion of abstract 
choices for hand (M = 0.30) and foot sentences (M = 0.34; χ2(1) = 0.63, 
p = 0.42, OR = 0.82, 95% CI = [0.49, 1.37]). Participants who moved 
the feet also did not differ in their proportion of abstract choices for hand 
(M = 0.29) and foot sentences (M = 0.34; χ2(1) = 0.61, p = 0.43, OR =
0.81, 95% CI = [0.48, 1.40]). However, it might be argued that the lack 
of interaction was due to the procedural changes implemented in the 
present experiment. This concern was mitigated by the following 
experiment, a closer replication of Experiment 4.
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Experiment 6

Experiment 6 was a direct replication of Experiment 4. However, 
because this study was conducted while the Spanish lab was running 
Experiment 5, it took place in the United States, using English materials 
and American participants. We did not expect linguistic or cultural 
differences to play any role, so we predicted to find the same pattern of 
results than in Experiment 4 (and 1). The study was preregistered prior 
to data collection: https://aspredicted.org/mrv5-27qx.pdf.

Methods

Participants
We run the same power calculations described in detail in Experi

ment 5. However, as the change in the language of the materials gave us 

the opportunity to create new sentences, we also increased their number 
and used 28 sentences instead of 24. This caused the estimated sample 
size for securing 80% power to come down to 50 participants per group 
(total N = 100). Yet, we again divided the alpha level between two 
analysis points: N = 100 at α = 0.03, and N = 120 at α = 0.02.

Overall, 235 students from Cornell University (USA) took part in the 
experiment. Following our preregistration, we discarded 96 participants 
who were not native English speakers, and 19 who did not perform the 
tapping task correctly. Thus, as preregistered, only the data from 120 
people (Mage = 19.58, SDage = 1.96; 9 men; 11 left-handers) were taken 
into account for the analyses. All the participants took part in the study 
voluntarily and were paid with money. The Institutional Review Board 
for Human Participant Research of Cornell University approved the 
study (#1709007462).

Fig. 4. Proportion of abstract interpretations in Experiment 4 as a function of Rhythm and Verb. Jittered points represent the individual mean of each participant. 
Error bars represent the 95% CI around the mean.

Fig. 5. Proportion of abstract interpretations in Experiment 5 as a function of Rhythm and Verb. Jittered points represent the individual mean of each participant. 
Error bars represent the 95% CI around the mean.
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Materials and procedure
Following the same logic presented in detail in Experiment 1, we 

created a new set of 28 sentences in English and their corresponding 
interpretations (14 hand actions and 14 foot actions), whose proportion 
of choice of the abstract interpretation in a norming study (N = 100) was 
between 0.40 and 0.60. These materials were validated in an online 
experiment (N = 100) with the same procedure as previously detailed 
for the Spanish materials: participants in the abstract group selected 
more abstract interpretations (M = 0.83) than those in the concrete 
group (M = 0.17; p < 0.001; detailed information about this validation 
study can be found as supplementary material at the OSF repository). 
Besides the materials, the procedure of the experiment was exactly the 
same as in Experiment 4.

Results and discussion

Data from the first analysis point (N = 100, α = 0.03) revealed a non- 
significant interaction between Rhythm and Verb. For simplicity, we 
here just report the results from the second analysis point (N = 120, α =
0.02; the script at the OSF repository allows reproducing the analysis for 
the first stopping point in detail). The main effect of Rhythm was sig
nificant (χ2(1) = 5.69, p = 0.017, OR = 1.45, 95% CI = [0.98, 2.15]), 
with participants in the hand moving group choosing more abstract 
interpretations. The main effect of Verb was not significant (χ2(1) =
0.28, p = 0.56, OR = 1.03, 95% CI = [0.67, 1.58]), as well as the key 
interaction between Rhythm and Verb (χ2(1) = 0.84, p = 0.36, OR =
1.15, 95% CI = [0.85, 1.57]; Fig. 6). Participants who moved the hands 
did not differ in their proportion of abstract choices for hand (M = 0.45) 
and foot sentences (M = 0.42; χ2(1) = 0.76, p = 0.38, OR = 1.18, 95% CI 
= [0.80, 1.76]). Participants who moved the feet also did not differ in 
their proportion of abstract choices for hand (M = 0.35) and foot sen
tences (M = 0.34; χ2(1) = 0.02, p = 0.88, OR = 1.04, 95% CI = [0.65, 
1.66]).

Present data failed in replicating the findings of Experiment 4. Since 
motor-language interactions are expected to occur in any language (e.g., 
Gianelli et al., 2020), there is no reason to think that conducting the 
experiment in English rather than in Spanish could account for the non- 
replication of Experiment 4. Yet, to definitely rule out this possibility, 
the next experiment was devoted to replicate Experiment 4 in a Spanish 
sample and using the original stimuli.

Experiment 7

Experiment 7 was an exact replication of Experiment 4, conducted 
with Spanish participants and using the original materials from Exper
iment 4. The study was preregistered prior to data collection: https:// 
aspredicted.org/78pj-cbjq.pdf.

Methods

As described in detail in Experiment 5, the estimated sample size to 
replicate Experiment 4 with 80% power was N = 120. We again 
implemented a sequential testing approach with two stopping points: N 
= 120 at α = 0.03, and N = 140 at α = 0.02. Overall, 140 new native 
Spanish speakers from the same population as in Experiment 1 took part 
in the experiment (Mage = 21, SDage = 3.33; 26 men; 7 left-handers). The 
materials and procedure of the experiment were exactly as in Experi
ment 4.

Results and discussion

Data from the first analysis point (N = 120, α = 0.03) revealed a non- 
significant interaction, so here we just report the results from the second 
point (N = 140, α = 0.02). The analysis did not yield a significant effect 
of Rhythm (χ2(1) = 4.18, p = 0.04, OR = 0.69, 95% CI = [0.49, 0.69]) 
nor Verb (χ2(1) = 5.03, p = 0.025, OR = 0.48, 95% CI = [0.27, 1.78]).3

More importantly, the Rhythm x Verb interaction was also not signifi
cant (χ2(1) = 0.37, p = 0.54, OR = 1.15, 95% CI = [0.74, 1.77]). 
However, the pattern of results was not completely contrary to pre
dictions: although participants who moved their hands did not signifi
cantly differ in their proportion of choosing abstract interpretations for 
foot (M = 0.28) and hand sentences (M = 0.22; χ2(1) = 3.39, p = 0.07, 
OR = 1.99, 95% CI = [0.96, 4.17]), participants who moved their feet 
exhibited a greater proportion of abstract choices for foot sentences (M 
= 0.34) than for hand sentences (M = 0.25; χ2(1) = 5.97, p = 0.01, OR =
2.04, 95% CI = [1.15, 3.70]; Fig. 7).

Thus, when we engaged in the exact same procedure and materials 
than Experiment 4, we found partial support for our predictions, 
although the key interaction was not statistically replicated. As a final 
step in this experiment series, the next study attempted to replicate the 
pattern found in the short-delay experiments (Experiments 2 and 3).

Experiment 8

Experiment 8 was a direct replication of Experiment 3. We decided to 
replicate Experiment 3, instead of Experiment 2, to avoid introducing 
again the issue of the simultaneity between rhythm and sentence pro
cessing. The study was preregistered prior to data collection: https:// 
aspredicted.org/2f5t-rxhg.pdf.

Methods

We run a power analysis of the same kind as described in detail in 
Experiment 5. The interaction between Rhythm and Verb in Experiment 
3 had an effect size of OR = 8.33, which corresponds with an estimate of 
β = -2.12. As this effect size is quite large (Chen et al., 2010), and 
probably unrealistic, we decided to run our simulations considering a 
smaller effect size of β = -1 (OR = 2.72). The analysis indicated that 
using 45 participants per group secures more than 90% of power. Yet, as 
in the previous experiments, we divided alpha between two analysis 
points: N = 90 at α = 0.03, and N = 140 at α = 0.02.

Finally, 141 new native Spanish speakers from the same population 
as in Experiment 1 took part in the experiment. Data from one partici
pant who knew the objective of the study were excluded. This left us 
with the preregistered sample size of N = 140 (Mage = 20.74, SDage =

3.15; 31 men; 8 left-handers). The materials and procedure of the 
experiment were exactly as in Experiment 3.

Results and discussion

Data from the first stopping point (N = 90, α = 0.03) revealed a non- 
significant interaction, so here we just report the results from the second 
point (N = 140, α = 0.02). The interaction between Rhythm and Verb 
was not significant (χ2(1) = 0.19, p = 0.67, OR = 0.93, 95% CI = [0.65, 
1.31]; Fig. 8). Participants who moved the hands did not differ in their 
proportion of abstract choices for hand (M = 0.23) and foot sentences (M 
= 0.29; χ2(1) = 1.51, p = 0.22, OR = 0.68, 95% CI = [0.36, 1.30]). 
Participants who moved the feet also did not differ in their proportion of 
abstract choices for hand (M = 0.22) and foot sentences (M = 0.28; χ2(1) 
= 0.92, p = 0.34, OR = 0.74, 95% CI = [0.39, 1.42]). Neither the main 

3 Both main effects may appear significant under the conventional alpha 
level of 0.05, but they were not significant under the alpha level used in the 
analysis: 0.02.
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effect of Rhythm (χ2(1) = 0.14, p = 0.71, OR = 1.12, 95% CI = [0.71, 
1.77]) nor Verb (χ2(1) = 1.20, p = 0.27, OR = 0.74, 95% CI = [0.39, 
1.39]) were significant. These results failed to replicate the pattern 
found in the short-delay experiments.

Interim summary

Altogether, the results of this experiment series provide mixed sup
port for the idea that motor interference changes meaning from action 
language, with some studies rendering significant effects and others 
failing to find them (see Table 1 for a summary of the design and results 
of the experiments). Therefore, no clear conclusion can be drawn at this 
point. The next sections aim to understand the reasons behind this mixed 
pattern of results and provide a comprehensive interpretation of them.

Towards an explanation for the instability of the effect

Inflated false-positive rate?

A first possibility that comes to mind when an effect does not repli
cate is that the original reports of the effect are false positives. False 
positives generally arise from questionable research practices such as 
the optional stopping of data collection, dropping outliers, or trying 
several ways to analyze the data (John et al., 2012; Simmons et al., 
2011). We hereby state that none of these practices were present in 
Experiments 1–4. Sample size for Experiment 1 was initially determined 
based on a rule of thumb, and increased because of participant avail
ability. Experiments 2–4 used the same sample size as Experiment 1. No 
interim analyses were ever carried out before completing data collec
tion. No outliers were dropped, and no variables other than those 

Fig. 6. Proportion of abstract interpretations in Experiment 6 as a function of Rhythm and Verb. Jittered points represent the individual mean of each participant. 
Error bars represent the 95% CI around the mean.

Fig. 7. Proportion of abstract interpretations in Experiment 7 as a function of Rhythm and Verb. Jittered points represent the individual mean of each participant. 
Error bars represent the 95% CI around the mean.
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reported were measured or manipulated. Most importantly, data were 
analyzed exactly, and only, as reported. In fact, despite Experiments 1–4 
not being preregistered, we employed the same analytic pipeline pre
registered for Experiments 5–8.

Still, when working with mixed-effects models, the choice of the final 
model for analysis can affect the rate of false positives, as a suboptimal 
choice can inflate Type I error (Bates et al., 2015b). Did our model se
lection increase Type I error, thereby yielding false positives in Experi
ments 1–4? To test for this possibility, we took advantage of the 
statistical principle that, in absence of effect, the rate of significant re
sults must coincide with the alpha level assumed by the researcher 
(generally 5%; Cumming, 2008). Following this logic, we used the R 
package simr (Green & MacLeod, 2016) to run 1000 simulations per 
experiment, using their corresponding data and analysis model, but 
setting the size of the key interaction between Rhythm and Verb to zero 
(OR = 1; β = 0), and computed the proportion of times that there was a 
significant result in that interaction. The alpha level for each model was 
adjusted to the level used in the final analysis point of each experiment: 
α = 0.05 for Exps.1–4, α = 0.03 for Exp. 5, and α = 0.02 for Exps. 6–8. 
Finding a number of significant results greater than alpha would indi
cate that the selected model inflates the likelihood of false positives.

The results of the simulations are detailed in Table 2. As it can be 
seen, the proportion of false positives in each experiment was very close 
to the intended alpha level, which was consistently captured within the 
95% CI around the estimate. These results confirm that model selection 
was done properly, and that the probability of finding a significant 
interaction in Experiments 1–4 just by chance was not larger than alpha. 
There still remains the possibility that Experiments 1–4 were false 

positives (i.e., that they all fell into the 0.05 probability of rejecting the 
null hypothesis when true), but the likelihood of that scenario is 
exceedingly unlikely (exactly 0.054 = 0.00000625). Even if we take into 
account the whole experiment series, the probability of obtaining four 
false positives out of eight experiments when there is no underlying 
effect is just 0.00036.

Fig. 8. Proportion of abstract interpretations in Experiment 8 as a function of Rhythm and Verb. Jittered points represent the individual mean of each participant. 
Error bars represent the 95% CI around the mean.

Table 1 
Summary of the experimental series.

Experiment Sample size Language Delay Presentation modality Response modality Rhythm-sentence simultaneity Rhythm x Verb interaction

Exp 1 N = 90 Spanish Long Visual Manual No Significant
Exp 2 N = 90 Spanish Short Auditory Vocal Yes Significant
Exp 3 N = 90 Spanish Short Auditory Vocal No Significant
Exp 4 N = 90 Spanish Long Auditory Vocal No Significant
Exp 5 N = 120 Spanish Long Auditory Vocal Yes Not significant
Exp 6 N = 120 English Long Auditory Vocal No Not significant
Exp 7 N = 140 Spanish Long Auditory Vocal No Not significant
Exp 8 N = 140 Spanish Short Auditory Vocal No Not significant

Table 2 
Results of the simulations of Experiments 1–8 assuming a null effect size (OR =
1; β = 0).

Experiment Assumed false- 
positive rate

Estimated false- 
positive rate

95% CI for the false- 
positive rate estimation

Experiment 
1

5% 4.00% 2.87–––5.41%

Experiment 
2

5% 4.10% 2.96 – 5.52%

Experiment 
3

5% 5.20% 3.91 – 6.76%

Experiment 
4

5% 5.00% 3.73 – 6.54%

Experiment 
5

3% 2.60% 1.71 – 3.79%

Experiment 
6

2% 1.30% 0.69 – 2.21%

Experiment 
7

2% 2.30% 1.46 – 3.43%

Experiment 
8

2% 1.50% 0.84 – 2.46%
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Insufficient power to detect a small effect?

Another possibility behind the instability of the effect could be that 
the present experiments were not correctly powered. Although we car
ried out power analyses to secure at least 80% power, it is well known 
that seminal studies tend to overestimate real effect sizes (Klein et al., 
2018; Open Science Collaboration, 2015). Thus, if the real size of the 
pursued effect is smaller than those found in our significant experiments, 
then the sample sizes estimated by the subsequent power analyses might 
not be sufficient to reliably detect the effect. Moreover, although the 
sequential sampling strategy that we followed facilitates collecting data 
efficiently and without increasing the false-positive rate, this strategy is 
also known to reduce power, as it reduces the alpha level at each testing 
point, which therefore reduces the chances of finding a significant effect 
(see Lakens, 2014).

To test for this possibility, we ran a new series of simulations, but 
assuming an effect size of d = 0.2 (corresponding to an OR = 1.437)4 and 
adjusting the alpha level according to the final alpha used in each 
experiment. We decided to use a d = 0.2 because of two reasons. First of 
all, if moving a body part has any influence on meaning construction, we 
reasoned that the effect should be small, consistent with previous find
ings in the embodiment literature (e.g., see the meta-analysis by Winter 
et al., 2022: average d = 0.15). An effect size of d = 0.2 is considered a 
small effect accordingly to the most extended benchmarks for inter
preting effect sizes (Cohen, 1988). Second, some large-scale studies have 
estimated that the average effect size in psychology is around d = 0.2 
(Klein et al., 2018; Schäfer & Schwarz, 2019; but see Brysbaert, 2019), 
so it is reasonable that the pursued effect has a similar size.

The results are presented in detail in Table 3. As it can be observed, 
under these specifications, current experiments are far from the rec
ommended 80% power (Button et al., 2013). Specifically, their mean 
estimated power is just 41.79%: 41.55% for the experiments with sig
nificant interactions (Exps. 1–4) and 42.03% for the null experiments 
(Exps. 5–8). This means that, if the effect is as small as d = 0.2, the 
probability of observing a significant result in Experiments 5–8 was even 
smaller than obtaining heads when flipping a coin. Indeed, with this 
power, the likelihood of observing a significant finding in all the eight 
experiments is just 0.00091 (the product of multiplying the eight power 
estimations). Also worth noticing, Experiments 5–8 were not better- 
powered than Experiments 1–4, despite having larger sample sizes. 

This confirms that the implementation of a sequential testing strategy, 
though efficient in terms of data collection, was detrimental to power. 
Accordingly, these results provide a plausible explanation for the cur
rent mixed pattern of results: the present experiments were not properly 
powered to detect a small (but likely) effect size.

How likely is the present scenario?

What are the odds of encountering such a puzzling scenario as the 
present one? This question can be answered with a Likelihood Ratio 
Test, which can be easily performed using the following app: htt 
ps://shiny.ieis.tue.nl/mixed_results_likelihood/ (for details, see Lakens 
& Etz, 2017). Conducting this analysis under the same specifications 
detailed above (4/8 significant studies, average alpha of 0.033, and 
average power of 41.79% for an effect size of d = 0.2) revealed that, if 
there is a true effect in the data, finding four out of eight significant 
findings occurs in 24.65% of the cases. Despite this probability may 
seem not too high, finding four out of eight significant findings if there is 
no effect is much less likely: it only occurs in 0.00005% of the cases. In 
fact, the likelihood ratio between those probabilities is 4910.63: the 
presence of a real effect is 4910.63 times more likely than the absence of 
effect (ratios above 32 are considered strong evidence for H1; Lakens & 
Etz, 2017).

All in all, these additional analyses converge on the existence of a 
true effect in our experiment series. Importantly, it is unlikely that we 
are overinterpreting false positives. In turn, mixed findings may be 
related to the small size of the effect and to having found, by chance, 
larger effect sizes in our first experiments, which led to insufficient 
power to detect it in subsequent experiments.

Integrative analysis of experiments 1–8

If the former conclusion is true and the absence of significant results 
in some of the studies relates to the low power to detect a small effect, 
we hypothesized that increasing sample size, and therefore power (e.g., 
Button et al., 2013), should reveal the expected effect. Thus, we per
formed an integrative data analysis by pooling together all our eight 
experiments (e.g., Curran & Hussong, 2009). Not only this secures much 
more power than the individual studies, but will also help to summarize 
our mixed findings and obtain a clearer conclusion from them (Curran & 
Hussong, 2009). We decided to carried out a pooled analysis, instead of a 
conventional meta-analysis, since working with the raw data provides 
more reliable and less biased estimates than just averaging point esti
mates (Blettner et al., 1999; Stewart & Parmar, 1993).

Following the pattern of results observed in Experiments 1–4, we 
predicted a significant interaction between the effector used to perform 
the rhythm and the effector implied by the actions described in the 
sentences, which should be further modulated by the amount of delay: in 
short-delay conditions, moving the effector related to the sentences 
should lead to more concrete interpretations, whereas in long-delay 
conditions, moving the effector related to the sentences should lead to 
more abstract interpretations.

Data analysis

We combined the data from the eight interference experiments, 
leading to a total sample size of 880 participants (Mage = 20.58, SDage =

2.92; 147 men; 66 left-handers). Table 4 summarizes the data aggre
gated for the analysis. Then, we ran a mixed-effects model analysis 
following the same specifications described in detail in Experiment 1, 
but incorporating some changes to the maximal model. First, because we 
combined data from several experiments, which also used sentences in 
two different languages, we assigned individual identifiers to each 
unique Participant and Item for each Experiment and Language. Second, 
as we expected the interaction to change depending on the delay be
tween sentence and interpretations, we included a new fixed factor: 

Table 3 
Results of the simulations of Experiments 1–8 assuming a small effect size of d =
0.2 (OR = 1.437).

Experiment Sample 
size

Alpha 
level

Estimated 
power

95% CI around the 
power estimate

Experiment 
1

90 0.05 40.40% 37.34 – 43.52%

Experiment 
2

90 0.05 41.80% 38.72 – 44.93%

Experiment 
3

90 0.05 42.70% 39.61 – 45.83%

Experiment 
4

90 0.05 41.30% 38.23 – 44.42%

Experiment 
5

120 0.03 44.30% 41.19 – 47.44%

Experiment 
6

120 0.02 47.40% 44.27 – 50.55%

Experiment 
7

140 0.02 40.70% 37.64 – 43.82%

Experiment 
8

140 0.02 35.70% 32.73 – 38.76%

4 This conversion was performed using the formula developed by Sánchez- 
Meca et al. (2003): d = log(OR) x.
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Delay (short vs. long), together with all its possible interactions with 
Rhythm and Verb. In R notation, the maximal model was the following: 
glmer(data, Choice ~ Rhythm*Verb*Delay + (1 + Rhythm|Item_Language) 
+ (1 + Verb|Participant_Experiment), family = binomial(link = logit)).

Results and discussion

The detailed results of the integrative analysis can be reproduced 
from the R script at the OSF repository. Of crucial importance, the 
analysis revealed a significant three-way interaction between Rhythm, 
Verb and Delay (χ2(1) = 111.76, p < 0.001, OR = 6.38, 95% CI = [4.50, 
8.93]). The constituent two-way interactions were also significant and 
showed a pattern of results consistent with our predictions (Fig. 9). 
When the delay was short, participants who moved the hands chose 
fewer abstract interpretations for hand (M = 0.24) than for foot sen
tences (M = 0.37; p < 0.0001), whereas participants who tapped with 
the feet chose fewer abstract interpretations for foot (M = 0.28) than for 
hand sentences (M = 0.35; p < 0.0001; interaction: χ2(1) = 52.73, p <
0.001, OR = 4.62, 95% CI = [3.06, 6.98]). However, when the delay was 
long, the pattern of results partially reversed: moving the feet led to 
more abstract choices for foot (M = 0.34) than hand sentences (M =
0.29), whereas no differences between hand (M = 0.37) and foot sen
tences (M = 0.36) were found in the hand-tapping group (p = 0.82; 

interaction: χ2(1) = 12.64, p < 0.001, OR = 1.41, 95% CI = [1.17, 
1.71]).

Additional Bayesian analyses provided converging support for these 
key interactions—following the interpretation criteria proposed by van 
Doorn et al. (2021). The Bayes factor (BF) for the higher-order inter
action between Rhythm, Verb and Delay was BF10 = 2.89 x 1020, indi
cating extreme support for its existence. The BF for the Rhythm x Verb 
interaction in the short-delay condition also provided strong evidence 
(BF10 = 167126.6). Finally, the Rhythm x Verb interaction in the long- 
delay condition was supported as well, although the evidence was 
moderate (BF10 = 3.62). The details of these analyses are provided in a 
supplementary file available in the OSF repository.

Altogether, these results support our initial hypothesis that motor 
interference can induce effector-specific changes in how people construe 
meaning from action sentences, and indicate that the direction of these 
effects is further modulated by the delay between the sentence and its 
interpretations. Moreover, these findings also support the notion that 
low power is a reasonable cause behind the instability of the effect, as 
pooling data from more than 800 participants rendered the effect 
observable. Notably, as argued by Wegener and colleagues (2022; see 
also Vosgerau et al., 2019), confidence in integrative analyses depends 
critically on the absence of selective reporting. In this regard, we state 
that all experiments conducted within this research line are fully 

Table 4 
Mean proportions of abstract choices and standard deviations (in brackets) for each experiment.

Delay Experiment Sample size Hand rhythm Foot rhythm Congruency effect
Hand sentences Foot sentences Hand sentences Foot sentences

Long delay Exp 1 N = 90 0.52 (0.50) 0.44 (0.50) 0.25 (0.43) 0.34 (0.48) 0.09 (0.48)
Exp 4 N = 90 0.40 (0.49) 0.37 (0.48) 0.29 (0.45) 0.34 (0.47) 0.04 (0.46)
Exp 5 N = 120 0.30 (0.46) 0.34 (0.48) 0.30 (0.46) 0.34 (0.47) 0.001 (0.47)
Exp 6 N = 120 0.45 (0.50) 0.42 (0.49) 0.35 (0.48) 0.35 (0.48) 0.01 (0.49)
Exp 7 N = 140 0.22 (0.41) 0.28 (0.41) 0.25 (0.43) 0.34 (0.43) 0.02 (0.42)
Total N = 560 0.37 (0.47) 0.36 (0.47) 0.29 (0.45) 0.34 (0.47) 0.03 (0.46)

Short delay Exp 2 N = 90 0.16 (0.36) 0.39 (0.49) 0.45 (0.50) 0.26 (0.44) − 0.21 (0.45)
Exp 3 N = 90 0.22 (0.41) 0.48 (0.50) 0.43 (0.50) 0.29 (0.45) − 0.20 (0.47)
Exp 8 N = 140 0.23 (0.42) 0.30 (0.47) 0.22 (0.42) 0.28 (0.45) − 0.06 (0.44)
Total N = 320 0.20 (0.40) 0.37 (0.49) 0.35 (0.47) 0.28 (0.45) − 0.16 (0.45)

Note: Congruency effect = match minus mismatch conditions (i.e., raw effect size of the key interaction). Match and mismatch conditions refer to those where the 
effector moved for the rhythm and the effector implied by the sentences were the same (hand-hand/foot-foot) or not (hand-foot/foot-hand), respectively.

Fig. 9. Proportion of abstract interpretations in the integrative analysis of Experiments 1–8 as a function of Rhythm, Verb, and Delay. Jittered points represent the 
individual mean of each participant. Error bars represent the 95% CI around the mean.
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reported in the present paper and included in the analysis. Accordingly, 
we are confident in the results yielded by the present pooled analysis. 
Nevertheless, since this analysis was not preregistered, it should be 
regarded as exploratory, its conclusions considered preliminary.

Importantly, we believe that the absence of a significant effect of 
moving the hands in the long-delay condition does not invalidate the 
effector-specificity of the present results. The significant Rhythm x Verb 
interaction crucially implies that moving the hands and the feet differ
entially affects the comprehension of hand and foot sentences. This is 
evidenced by the significant difference between hand and foot sentences 
in the foot-tapping group, which supports the notion of effector- 
specificity, albeit in a weaker form than would be expected from a 
fully crossed interaction (see Shebani & Pulvermüller, 2018). This 
asymmetric pattern of results may be related to people’s relative inex
perience with foot actions (e.g., Liu et al., 2022): while the hands are 
routinely used to perform complex activities such as writing or cooking, 
the feet are largely restricted to locomotion. Accordingly, tapping with 
the feet may have been demanding enough to interfere with the simu
lation of foot actions at long delays, whereas moving the hands might 
not have imposed sufficient motor demands to disrupt the simulation of 
hand actions. Still, the visual inspection of the results may lead some 
readers to argue that the long-delay interaction is better explained by a 
reduction in abstract interpretations of hand sentences in the foot- 
movement condition, thus not reflecting an effector-specific embodied 
effect. Although we cannot entirely rule out this possibility, we consider 
it unlikely. Specifically, it is unclear how or why moving one body part 
would selectively affect the processing of sentences referring to a 
different body part, in contrast to prior evidence showing that the 
involvement of the motor system in action language comprehension is 
effector-specific (Hauk et al., 2004; Pulvermüller et al., 2005; Shebani & 
Pulvermüller, 2013).

General discussion

In eight experiments, we tested whether manipulating motor activity 
can qualitatively change how people interpret language about actions. 
The results of the individual experiments were mixed, with some 
yielding significant results, and other yielding non-significant results. 
However, subsequent simulations suggested that significant findings 
were unlikely to be false positives. Instead, it is likely that the null results 
were the result of insufficient statistical power to detect a small effect. 
Supporting this idea, pooling the data from the eight experiments 
showed effector-specific effects of motor action on meaning construc
tion. These effects were further modulated by the amount of delay be
tween the sentences and their interpretations. When the delay was short 
(200 ms), participants who tapped a complex rhythm with their hands 
chose more concrete interpretations of hand actions (compared to foot 
actions), whereas participants assigned to tap with their feet chose more 
concrete interpretations of foot actions (compared to hand actions). In 
contrast, when the delay was long (15 s), this pattern partially reversed, 
with participants who tapped with their feet choosing more abstract 
interpretations for foot than for hand sentences.

Although these findings should be taken with caution in light of the 
inconsistency across experiments, we have provided converging reasons 
to believe that there is a true effect of motor action on meaning con
struction. The effect, however, is probably small and requires large 
samples to be detected. In any case, the conclusions presented below 
should be treated as preliminary and would benefit from future exten
sions and replications.

Integrating previous findings

The present study provides the first evidence that modulating motor 
activity can produce qualitative changes in sentence understanding, 
leading to more concrete or abstract conceptualizations of the same 
actions. Previous studies using neurostimulation or motor interference 

interventions have suggested that neural systems for planning and per
forming actions are causally involved in determining how quickly or 
accurately people can respond to action words and sentences, or hold 
them in memory (e.g., Bidet-Ildei et al., 2017; Gijssels et al., 2018; 
Glenberg et al., 2008; Pulvermüller et al., 2005; Shebani & Pulver
müller, 2013; Willems et al., 2011). Here we show that, beyond affecting 
speed or accuracy, interventions on the motor system can influence the 
kinds of meanings that language users construe, thus providing addi
tional support for the causality of motor activity in language 
understanding.

These results are compatible with, and complementary to, those of 
Togato and colleagues. Whereas Togato et al. (2021) focused on the 
preference towards the two meanings of single-word homographs, here 
we focused on the level of abstraction at which action sentences can be 
construed. But how can they be reconciled with our previous TMS study 
(Solana et al., 2024), in which we found that inhibiting primary motor 
cortex (M1) did not change meaning construction? This dissociation 
may offer important insights into the neural bases of the effect. Some 
studies have argued that motor simulations are primarily sustained by 
premotor circuits, rather than primary motor regions (Gijssels et al., 
2018; Willems et al., 2010b, 2011). Other action-related regions beyond 
the primary motor system—such as the supplementary motor area 
(SMA), the cerebellum, or the inferior frontal gyrus (IFG)—have also 
been implicated in action language comprehension (Aziz-Zadeh et al., 
2006; García et al., 2017; Moreno et al., 2015). As tapping a complex 
rhythm likely engages the motor system in a stronger and broader way 
than just stimulating a part of it (e.g., MacRae & Matheson, 2025), 
present findings may reflect the workings of regions other than M1, or 
the coupling between M1 and other parts of the motor system.

Our results may also be relevant to assist the interpretation of pre
vious behavioral findings. While several studies have reported signifi
cant and effector-specific effects of secondary motor task (e.g., tapping) 
on action language processing (e.g., Glenberg et al., 2008; Shebani & 
Pulvermüller, 2013; Togato et al., 2021), many others have not (e.g., 
Montero-Melis et al., 2022; Postle et al., 2013; te Rietmolen et al., 2025). 
Present results suggest a possible reconciliation between these con
flicting results. As indicated by our simulations and integrative analyses, 
the effects of motor action on language comprehension may indeed 
exist, but are likely to be small, thus requiring large samples and cu
mulative evidence beyond individual experiments to be reliably detec
ted. However, this conclusion raises a fundamental question: if the 
effects are so small and hard to replicate, how relevant is the influence of 
the motor system on semantics? The answer will benefit from expert 
consensus regarding the range of effect sizes that should be considered 
theoretically and practically meaningful (Anvari et al., 2023; Götz et al., 
2022).

Mechanisms of the effect

We believe that the current results are consistent with our hypothesis 
that neural circuits for performing motor actions help language users to 
mentally represent the concrete, motoric details of actions described in 
language. Accordingly, altering the activity of these circuits with a 
secondary motor task affects how abstractly/concretely meaning is 
construed. Nevertheless, this study should be regarded as a proof of 
concept: our goal was just to establish the existence of the effect. The 
specific neurocognitive mechanisms underlying the phenomenon, as 
well as those mediating its flexibility and direction, remain open ques
tions for future research. Here we present some possibilities, although 
they should be only treated as speculative.

One possibility is that motor simulations gradually activate the 
motor neural circuits over time (e.g., Barsalou et al., 2008). In the initial 
tens or hundreds of milliseconds, language-driven activity in the motor 
system may still be ramping up. If so, when the delay is short (200 ms), 
the activation produced by moving a relevant effector boosts the activity 
of the motor system, thereby helping the computation of low-level 
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details and yielding more concrete representations of the actions. 
However, as times goes by, the motor system becomes more and more 
involved in the simulation. Accordingly, when the delay is long (15 s), 
the activation generated by moving a relevant effector competes for the 
same neural resources that sustain the simulation. As a result, the 
computation of concrete information is hampered, which biases par
ticipants towards less motoric interpretations of the actions.

This interpretation is consistent with proposals and findings sup
porting that simulation is a constructive process that requires time to 
develop (Barsalou et al., 2008; MacRae & Matheson, 2025; Moreno 
et al., 2015). Importantly, this should not be considered against findings 
showing that motor simulations emerge very quickly, around 200 ms 
after word onset (e.g., Hauk & Pulvermüller, 2004; Klepp et al., 2014): 
simulations may arise very fast but continue to develop at later stages, as 
suggested by recent EEG studies (Harpaintner et al., 2022; MacRae & 
Matheson, 2025). This consideration is particularly relevant for our 
study, which used sentences rather than isolated words: sentences likely 
require further semantic elaboration and integration, potentially 
resulting in prolonged motor simulations (e.g., Moreno et al., 2015).

Another possibility concerns the fact that varying the delay between 
sentence and interpretations also affected the onset of the motor task. In 
Experiments 1 and 4 (long delay), the rhythm began after sentence 
presentation; in Experiments 2 and 3 (short delay), it began before. This 
raises an alternative explanation for the observed results: initiating 
movement before the sentence might preactivate the motor system and 
facilitate the simulation of motor details, whereas initiating it after
ward—while the simulation is taking place—could hinder it (akin to 
Boulenger et al., 2006). However, Experiments 2 and 3 already 
compared concurrent vs. non-concurrent rhythm and sentence pro
cessing, keeping delay constant, and yielded consistent results. Thus, 
although we cannot completely discard that possibility, we believe that 
differences in the shape of the interaction are more likely due to delay 
duration than rhythm onset.

Uncovering the mechanisms that underpin the present findings 
might benefit from the addition of a baseline condition, which would 
allow disentangling whether we are observing a match effect, a 
mismatch effect, or both. However, it is difficult to design a truly neutral 
baseline in the present case. Moving an alternative effector (e.g., the 
lips) does not differ from moving the hands when understanding a foot- 
action sentence, or vice versa (i.e., both are mismatch conditions). Not 
moving any effector does not activate the motor system yet fails to 
replicate the non-motor components of the rhythm task (e.g., increased 
cognitive load or divided attention), which may in turn affect the overall 
preference for concrete vs. abstract interpretations, confounding com
parisons to the baseline. Another avenue for future research may be the 
inclusion of physiological measures of motor activation (e.g., Nazir 
et al., 2017). This would serve as a manipulation check for the effec
tiveness of the motor system manipulation and would assist the inter
pretation of the changes in the direction of the effect. Brain measures 
with great temporal resolution, such as M/EEG, will be also crucial to 
understand the temporal dynamics of the effect.

Still, regardless of the exact mechanisms behind the effect, we 
believe that present findings align with the “embodied” hypotheses that 
(1) there are shared substrates for language semantics and motor action; 
(2) the motor system plays a causal role in language understanding; and 
(3) motor-language interactions are flexible and change along the tem
poral course of language comprehension (e.g., Barsalou, 2008; García & 
Ibáñez, 2016; Pulvermüller, 2005; Willems & Casasanto, 2011). How
ever, before accepting these conclusions, we should consider whether 
there could be “disembodied” explanations of the present results.

A first alternative is priming: Performing actions with the hands/feet 
could direct attention to the relevant part of the body, causing amodal 
information about hand/foot actions to be more accessible in memory, 
and thus yielding more concrete interpretations of hand/foot sentences. 
Yet, although this account can provide an explanation for the results of 
the short-delay experiments, it hardly accounts for the findings from the 

long-delay experiments, in which moving an effector enhanced abstract 
interpretations for actions that involve that effector. Therefore, although 
we cannot discard that priming plays a role, current findings fit better 
with the “embodied” idea of a common neural basis for meaning 
computation and motor action. Moreover, it should be noted that some 
studies have found that priming also involve the recruitment of motor 
circuits (e.g., Grisoni et al., 2016), so even if priming was the cause of 
the observed effects, it would not necessarily imply disembodied 
processes.

Another possibility is that the apparent transparency between the 
manipulation (moving the hands/feet) and what was measured (inter
pretation of hand/foot sentences) made participants aware of the 
objective of the study and encouraged them to respond in a strategic 
manner (e.g., Mahon & Caramazza, 2008). In anticipation of this issue, 
we manipulated the effector of the rhythm between groups, making it 
unlikely that participants could infer the relationship between the 
rhythm and the sentences. Debriefings after the experiments supported 
this idea, as most participants reported believing that performing the 
rhythm was merely a distractor task. Furthermore, this explanation 
cannot account for the observed changes in the effect as a function of 
delay.

Participants may also have voluntarily imagined the actions, rather 
than implicitly simulating them, which is known to recruit the motor 
system as well (e.g., Willems et al., 2010b). We consider this explanation 
unlikely since participants were required to tap a difficult rhythm 
simultaneously or immediately after being presented with the sentences, 
so their attentional resources were arguably mostly focused on per
forming the rhythm. According to Shebani and Pulvermüller (2013, p. 
4): “this exercise is difficult, even for musicians not experienced with 
drumming”.

Finally, any account that fails in considering the effector-specificity 
of the effect—e.g., an overall effect of delay on construal level (e.g., 
Trope & Liberman, 2000) or a general effect of tapping in language 
comprehension (e.g., te Rietmolen et al., 2025)—cannot provide a full 
explanation for the present findings either.

Implications for theories of semantic representation

A central debate within cognitive science concerns the format of 
semantic representations. On the one hand, classic cognitive theories 
conceive semantic representations as abstract and amodal symbols de
tached from bodily experience (e.g., Fodor, 1975; Pylyshyn, 1984). On 
the other hand, embodied accounts propose that semantics are inti
mately linked to bodily experience, and that meaning is achieved 
through experiential simulations implemented in modality-specific 
brain circuits (e.g., Barsalou, 2008; Pulvermüller, 2005). Previous ef
forts to move beyond this dichotomy have focused on the time course 
and neural circuits over which representations develop. Several pro
posals converge on the suggestion that a comprehender’s earliest 
response to words consists in some sort of shallow understanding that 
arises “in the linguistic system” (Barsalou, 2008, p. 622), and that “deep 
conceptual processing” (ibid), which relies on the simulation system, 
arises subsequently (see also Connell, 2019; Louwerse, 2011). This view 
faces several challenges, however, including results suggesting that 
simulations may not play any detectable role in conceptualization until 
several hundreds or thousands of milliseconds after stimulus presenta
tion (Simmons et al., 2008; Vignali et al., 2023), far slower than words’ 
meanings are typically processed (e.g., Kutas & Hillyard, 1980; Mac
Gregor et al., 2012).

Present results may suggest a potential reconciliation between 
“embodied” and “disembodied” representations that does not rely on 
timing or on dividing between neurocognitive systems for language and 
simulation, but rather on the experiential context in which verbal cues 
are processed. Context has been called “a sleeping giant in the discussion 
on embodiment… likely to be a major factor in mediating the relative 
impact of [embodied] and [disembodied] representations” (Zwaan, 
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2014, p. 230). The present experiments rely on the fact that people’s 
bodies, and the actions they perform with them, are a part of the context 
in which they use their minds (Casasanto, 2011). If we consider that 
more concrete interpretations are more embodied than abstract ones (i. 
e., more reliant on sensorimotor information; Vallacher & Wegner, 
1987), then our results suggest that semantic representations shift be
tween more embodied and more disembodied forms—even when timing 
is held constant within experiments. What determines their final form is, 
in our view, the context in which the sentences are processed: when the 
context included actions performed by the same effectors that would 
carry out the described actions, then the construed meanings are qual
itatively different to those that emerge when the performed and 
described actions involved different effectors.

In this interplay between context and semantics, attentional mech
anisms may well play a key role. For example, when an action 
description is presented, all its features—whether concrete (sensori
motor details) or abstract (goals, consequences)—may become active, 
generating a rich semantic space that can support multiple possible in
terpretations of the sentence. The context created by participants’ 
bodies may then increase the salience of some features over others, 
directing attention toward them. Ultimately, this would make these 
features more likely to be incorporated into the final interpretation 
made by language comprehenders.

Importantly, this proposal does not dismiss that timing plays a 
relevant role, as suggested by the differences observed between short- 
and long-delay experiments. However, present results crucially showed 
evidence for motor simulation in both early (≈ 200 ms) and (very) late 
(≈ 15 s) processing stages. Rather than supporting a time-dependent 
distinction between embodied and disembodied processes (e.g., Barsa
lou et al., 2008), we believe that current results better align with the idea 
that motor-language interactions are flexible, so that they can vary in 
form and relevance depending on the constraints of the context (Ibáñez 
et al., 2023; Shebani & Pulvermüller, 2018; Willems & Casasanto, 
2011). In this line, it is noteworthy that other contextual factors beyond 
delay (e.g., language modality) do not appear to exert strong influences 
on the effect. Still, this possibility should be more exhaustively tested in 
future studies, which might include manipulations not addressed here, 
such as varying the depth of the task (e.g., Vukovic et al., 2017) or 
presenting the sentences in a second language (e.g., Monaco et al., 
2021).

Another longstanding challenge to theories of embodied cognition is 
abstraction (Chatterjee, 2010; Casasanto & Gijssels, 2015). If thoughts 
about actions are implemented in motor simulations, how can people 
conceptualize actions abstractly enough to generalize across diverse 
instances, or to understand actions in terms of their goals and outcomes 
rather than their mechanics? The suggestion that simulations are sche
matic, lacking fine-grained details (Barsalou, 2008), does not fully 
address this question. If we conceptualize voting as “supporting a 
candidate” or “influencing an election,” these actions do not correspond 
to schematic hand movements. Arguably, they do not correspond to any 
hand movements at all. Present results suggest that the context created 
by one's own motor activity can lead to abstraction: Different concep
tions of the same action vary in their level of abstraction because they 
vary in the extent to which they rely on effector-specific motor 
simulations.

These results raise a further question of critical importance to the
ories of embodied semantics. When people conceptualize actions as 
more abstract and less motorically-grounded, does this mean they are 
activating mental representations that are relatively disembodied? This 
possibility is consistent with proposals that embrace graded levels of 
embodiment (Chatterjee, 2010; Zwaan, 2014): Perhaps more abstract 
means less embodied (i.e., less reliant on simulations). Alternatively, 
abstract action representations could continue to rely on simulations in 
other neural systems. Which other systems? Besides perceptual and 
motor systems, theories of embodied cognition also posit that concepts 
can be grounded in systems for interoception, emotion, and social 

cognition (Borghi et al., 2025; Kousta et al., 2011; Pexman et al., 2023; 
Vigliocco et al, 2014). The physical concrete act of “making an X on a 
ballot” may be primarily motoric, but the abstract notion goal of 
“influencing an election” is likely to be affectively charged, and to have 
important social implications. Perhaps motor interference does not 
affect simulations in the motor system, but rather shifts them to neural 
systems that enable us to socialize and experience emotions and other 
internal states.

Concluding remarks

Science is a cumulative process; even if not all of the studies in a 
literature show significant results, a true effect may exist (Cumming, 
2014). In fact, “sets of studies that contain only significant findings can 
be too good to be true” (Lakens & Etz, 2017, p. 880). However, in the 
idealized world of scientific publications, significant results are the 
norm, whereas null results rarely see the light (Bakker et al., 2012). The 
present experimental series provides a realistic illustration of how sci
ence typically works, and underscores the importance of publishing and 
integrating all research outcomes within a series of experiments to 
achieve a more comprehensive understanding of the topic under 
investigation.

In sum, although present results should be taken with caution, they 
provide novel evidence that meaningless motor activity can cause 
qualitative changes in action language comprehension: Performing 
different actions can lead to different understandings of the same sen
tences. This provides additional evidence for the idea that the motor 
system plays a causal role in language comprehension. Yet, further 
research is needed to clarify the reliability of present findings, as well as 
their cognitive and neural mechanisms. Further studies are also needed 
to test whether interfering with simulations in other neural systems (e. 
g., visual, auditory, or interoceptive) can also change meaning, and to 
test whether people with different bodies and sensorimotor experiences 
(e.g., patients with motor impairment) interpret language differently.
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Schäfer, T., & Schwarz, M. A. (2019). The meaningfulness of effect sizes in psychological 
research: Differences between sub-disciplines and the impact of potential biases. 
Frontiers in Psychology, 10, 813. https://doi.org/10.3389/fpsyg.2019.00813

Shebani, Z., & Pulvermüller, F. (2013). Moving the hands and feet specifically impairs 
working memory for arm- and leg-related action words. Cortex, 49, 222–231.

Shebani, Z., & Pulvermüller, F. (2018). Flexibility in language action interaction: The 
influence of movement type. Frontiers in Human Neuroscience, 12, 252. https://doi. 
org/10.1016/j.brainres.2012.10.004

Simmons, J. P., Nelson, L. D., & Simonsohn, U. (2011). False positive psychology: 
Undisclosed flexibility in data collection and analysis allows presenting anything as 
significant. Psychological Science, 22(11), 1359–1366. https://doi.org/10.1177/ 
0956797611417632

Simmons, W. K., Hamann, S. B., Harenski, C. L., Hu, X. P., & Barsalou, L. W. (2008). fMRI 
evidence for word association and situated simulation in conceptual processing. 
Journal of Physiology-Paris, 102(1), 106–119.
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