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Abstract

This study explored the temporal dynamics of motor imagery (MI) following the observation of robotic versus human
actions using a temporal judgment task. Participants observed goal-directed action videos by a human or a NAO robot,
performed MI until an auditory stop signal, then completed a two-alternative forced choice task to identify the frame cor-
responding to their imagery stop point, choosing between the correct frame and either a preceding (‘Before’) or succeeding
(‘After’) frame. Results revealed a systematic temporal bias in MI towards ‘After’ incorrect frames. Crucially, this bias
was significantly smaller for imagining robotic actions compared to human actions. This difference was primarily driven
by an increased number of ‘Before’ errors for longer robotic actions, suggesting a perceived slowing down of MI (leading
to an attenuated forward bias) when simulating less biologically plausible robotic movements, especially over extended
durations. For human actions, video duration did not significantly modulate temporal errors. This finding indicates that the
temporal distortion in MI is modulated by the observed agent’s movement characteristics and action duration, challenging

simplistic embodied simulation accounts.
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Introduction

Motor imagery (MI), the ability to mentally simulate
actions without overt movement, is a fundamental cogni-
tive function. This internal simulation is widely believed
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to rely, at least partially, on the same neural substrates
involved in action execution and observation, highlighting
the deeply embodied nature of cognition and the tight cou-
pling between perception and action (Decety, 1996; Decety
& Grezes, 1999; Rizzolatti & Craighero, 2004). MI is not
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merely a passive replay of sensory information but an active
process that allows us to anticipate action outcomes, plan
future movements, and understand the actions of others.
Understanding the temporal dynamics of this internal simu-
lation — how it unfolds in time — is crucial for a comprehen-
sive account of action cognition.

A significant body of research has investigated the tem-
poral characteristics of motor imagery using mental chro-
nometry. These studies typically compare the time taken to
mentally simulate an action with the time required to physi-
cally execute the same action. A widely reported finding is
a strong temporal congruence between imagined and exe-
cuted movement durations, often referred to as the “isomor-
phism principle” or “motor imagery chronometry” (Collet
et al., 2011; Decety et al., 1989; Guillot & Collet, 2005;
Parsons, 1994). While some studies have suggested minor
discrepancies, such as imagined movements being slightly
faster or slower than executed ones depending on action
complexity or load (Dahm & Rieger, 2016; Decety et al.,
1989), the overall finding highlights that the internal tem-
poral representation of an action in MI closely mirrors its
real-world execution time. However, these studies primarily
focus on the total duration of the imagined movement. Less
is known about the fine-grained internal temporal unfold-
ing of MI — specifically, whether the subjective experience
of the action’s progression maintains a perfectly veridical
timeline or exhibits systematic biases or shifts throughout
its course, and how factors like action duration and com-
plexity might differentially influence these temporal distor-
tions (Calmels et al., 2000).

A promising framework for understanding the nature of
these internal temporal distortions comes from the study
of how the brain represents and predicts the time course of
moving stimuli. A well-established phenomenon in visual
perception is Representational Momentum (RM), the ten-
dency to misremember the final position of a briefly pre-
sented moving object as being displaced forward in the
direction of its motion (Freyd & Finke, 1984; Hubbard,
2005). RM is often interpreted as reflecting the brain’s pre-
dictive mechanisms, anticipating where the object would
have gone. While initially studied for simple moving dots
or shapes, RM has also been reported for complex dynamic
stimuli, including biological motion (Thornton & Hayes,
2004; Zucchini et al., 2023). Crucially, the magnitude of
this forward displacement can be modulated by the physi-
cal properties of the stimulus (Hubbard, 2017) and the
perceived characteristics of the motion (Finke et al., 1986;
Nagai et al., 2002).

Given the strong link between action perception, execu-
tion, and imagery, a key question is whether similar tem-
poral biases characterize the internal time course of motor
imagery. Does mentally simulating an action lead to a
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temporal representation that is a perfect, time-locked rep-
lica of observed or executed action, or does it exhibit its
own dynamic properties, potentially including biases akin
to RM? To address this gap regarding the fine-grained tem-
poral unfolding and potential biases in MI, the present study
investigates the influence of what action is being imagined,
particularly actions performed by agents with differing
movement characteristics (e.g., biological plausibility and
intrinsic duration) like robots and humans, on the temporal
dynamics of MI, which is an under-explored area.

As robots become increasingly integrated into human
environments, understanding how observing robotic actions
influences human action cognition, including MI, is growing
in importance (Chaminade & Hodgins, 2006). Prior research
on human observation of robotic actions has yielded mixed
results regarding the engagement of the human motor sys-
tem compared to observing human actions, with findings
dependent on factors like anthropomorphism and movement
naturalness (Gazzola et al., 2007; Hofree et al., 2015; Kilner
etal., 2003; Press et al., 2005; Tai et al., 2004). Additionally,
behavioral studies comparing human processing and predic-
tion of human and robot actions also reveal differences. For
instance, individuals exhibit distinct temporal prediction
strategies when observing human versus robotic grasping
(Craighero et al., 2008), tend to imitate a robot’s action
means rather than its goals unlike human-human interaction
(Bao & Cuijpers, 2017), and show modulated visuomotor
priming effects, including a reversed pattern for children
with autism when observing robots versus humans (Gowen
& Poliakoff, 2012; Pierno et al., 2008). Furthermore, the
precision of trajectory extrapolation is reduced for move-
ments that violate biological kinematic laws (Pozzo et al.,
20006).

Building on these observations regarding action process-
ing and motor simulation, the present study investigates the
temporal dynamics of motor imagery specifically, asking
whether the specific characteristics of the observed agent’s
actions influence how the subsequent mental simulation
unfolds in time when performing actions with the same goal
(e.g., grasping, pouring, drawing). We employed a temporal
judgment task designed to probe the internal time course
and accuracy of MI. Participants first observed a complete
goal-directed action performed by either a human or a NAO
robot (https://us.softbankrobotics.com/nao). These agents
were selected because they are known to have distinct kine-
matic profiles (Flash & Hogan, 1985; Gulletta et al., 2020;
Todorov & Jordan, 1998; Viviani & Flash, 1995) and dif-
ferentially engage sensorimotor systems based on their bio-
logical plausibility (Cross et al., 2012; Longo et al., 2008).
Notably, inherent biomechanical and control differences
mean that the same goal-directed actions often take longer
for the robot to execute compared to a human, even when
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striving for optimal motion. While performing motor imag-
ery of the observed action, participants were interrupted by
a stop signal and asked to judge which of two static frames
best corresponded to their imagery stop point: the correct
one or an alternative frame (either ‘Before’ or ‘After’ the
stop point). This task allows us to assess if MI exhibits a
temporal bias and if the accuracy of temporal judgment, and
thus potentially the magnitude of any bias, is influenced by
the type of agent whose action was initially observed.

Furthermore, we explored whether the observer’s own
motor system availability, manipulated through arm restraint
(free vs. restrained), interacts with agent type to influence
MI temporal judgment accuracy, given prior work on arm
posture/restraint effects on perception (Alaerts et al., 2009;
Urgesi et al., 2006; Zimmermann et al., 2013) and motor
imagery (Guilbert et al., 2021; Lorey et al., 2009; Meugnot
et al., 2014; Qu et al., 2018; Toussaint & Meugnot, 2013;
Vargas et al., 2004).

By addressing these questions, our study aims to provide
novel insights into the interplay between observed agent
characteristics, observer’s motor state, and the internal tem-
poral unfolding of motor imagery, contributing to a more
refined understanding of action simulation and human-robot
interaction.

Materials and methods
Participants

Twenty-eight right-handed volunteers (15 females, 13
males; Mean age=23.4 years, SD=1.83 years) participated
in the study.

A priori power analysis was conducted using G*Power
3.1 for a repeated-measures ANOVA design. The analysis
assumed a medium effect size (f=0.30), a significance level
of a=0.05, a desired statistical power of 0.95, an estimated
correlation among repeated measures of 0.5, and a non-
sphericity correction factor (g) of 1. The results indicated
that a minimum sample size of 17 participants would be
required to detect statistically significant effects under these
conditions.

Participants were recruited through university announce-
ments and provided written informed consent prior to
participation. Inclusion criteria were right-handedness,
self-reported normal or corrected-to-normal vision, and no
history of neurological or motor disorders. All participants
were naive to the purpose of the study.

The study was conducted in accordance with the ethical
principles outlined in the Declaration of Helsinki. The exper-
imental protocol was approved by the Ethical Committee

of Area Vasta Emilia Centro (Protocol n. 492/2023/Oss/
AOUFe).

Apparatus, stimuli, and procedure

The experiment was conducted in a dedicated, sound-atten-
uated room to minimize external distractions. Participants
were seated comfortably in a chair with armrests, positioned
60 cm from a 27-inch LCD monitor. Stimuli were presented
using PsychoPy (version 2023.2.3) running on a Windows 11
PC. The auditory signals were transmitted through the com-
puter speakers at a comfortable listening volume. Responses
were collected using a standard QWERTY keyboard.

Visual stimuli consisted of six video clips depicting iden-
tical goal-directed actions performed by either a human
actor or a NAO robot. The NAO robot, a humanoid platform
approximately 58 cm tall developed by SoftBank Robotics,
is designed for research in human-robot interaction due to
its anthropomorphic form. While programmed to mimic
human actions, NAO’s movements are fundamentally dif-
ferent from biological motion. Its motion is often described
as ‘jerky’ and exhibits different kinematic properties com-
pared to human actions, typically involving more seg-
mented velocity profiles and greater regularity (i.e., lower
trial-to-trial variability and lack of biological noise) due to
the constraints of its actuator control and algorithmic imple-
mentation (e.g., Flash & Hogan, 1985; Gulletta et al., 2020).

The actions were: grasping a moka pot and pouring cof-
fee into a cup (moka action), grasping a flower and plac-
ing it into a vase (flower action), and grasping a marker to
draw a line on a sheet of paper (marker action). These three
actions were consistently performed by both the human
actor and the NAO robot, ensuring that the goal of the action
remained constant across agent types. The videos are avail-
able in the Supplementary Material (HumanFlower.mp4,
HumanMarker.mp4, HumanMoka.mp4, RobotFlower.mp4,
RobotMarker.mp4, RobotMoka.mp4).

The videos featuring the robot were obtained by program-
ming it explicitly using the Choreographe (Pot et al., 2009)
software suite that allows the user to perform fine-tuning
of complex joint or Cartesian motions. For each video, we
provided Choreographe with three vectors: the first encodes
a sequence of joints, the second a sequence of angular posi-
tions for the respective joints, and the third a sequence of
time intervals. The angular positions for the joints identify
a set of intermediate positions during the action that were
determined by trial and error so that NAO performs the
desired action. Then we asked Choreographe to interpolate
between the intermediate positions to obtain a fluid motion.

Videos were stopped as soon as the action was completed
and before the hand started to return to the initial position.
Videos were filmed from a third-person perspective, showing
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the agent (human or robot) performing the action against
a neutral background under consistent lighting conditions.
The duration of the video clips was slightly longer for the
robot (moka action=5.73 s; flower action=9.03 s; marker
action=7.27 s) than for the human (moka action=4.77 s;
flower action=>5.36 s; marker action=4.10 s) agent. Specifi-
cally, the range of durations for robotic actions (from 5.73 s
to 9.03 s, a range of 3.30 s) was considerably wider than
for human actions (from 4.10 s to 5.36 s, a range of 1.26 s).
This inherent difference meant that while we controlled for
the same goal-directed actions, their natural execution times
and variability differed. This difference in duration reflects
the inherent kinematic disparities between human biologi-
cal motion and the programmed movements of the NAO
robot, making it challenging to achieve perfectly matched
temporal profiles for the same goal-directed actions. These
common goal-directed actions were selected for their famil-
iarity and representation of everyday motor skills allowing
for direct comparison of motor imagery across agent types
for functionally equivalent movements.

Prior to the experimental sessions, participants completed
a practice session consisting of 8 trials. The practice session
served to familiarize participants with the task, ensuring
they understood the instructions and minimizing potential
learning effects during the main experiment. The practice
trials followed the same structure as the experimental trials.

The experiment comprised two sessions, differing only
in the condition of the participant’s dominant upper limb: a
‘free arm’ session and a ‘restrained arm’ session. The order
of'the sessions (free-restrained vs. restrained-free) was coun-
terbalanced across participants to control for potential order
effects. In the ‘restrained arm’ session, participants were
instructed to place their dominant hand under their right leg,
resting it on the chair seat beneath their thigh. This specific
posture, positioning the limb in an unusual and potentially
incongruent configuration for the imagined actions, was
chosen to modulate the peripheral motor system’s state. This
posture served to effectively restrain movement of the domi-
nant arm throughout the session while maintaining a com-
fortable seated position. Indeed, even subtle changes in arm
posture, particularly those considered incompatible with an
imagined movement, are known to modulate corticospinal
excitability during motor imagery (Vargas et al., 2004), sug-
gesting that this manipulation, though passive, was physi-
ologically grounded to impact the peripheral motor system.

At the end of each experimental session (i.e., ‘free arm’
and ‘restrained arm’ sessions), participants completed a
brief questionnaire assessing their subjective experience of
motor imagery. They were asked to rate the perceived dif-
ficulty of imagining actions performed by the human agent
and the robot agent on a 5-point Likert scale (1 = ‘Extremely
Difficult’, 5 = ‘Extremely Easy’). This self-report measure
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aimed to capture participants’ subjective impression of the
cognitive effort involved in simulating movements from
the different agents, and to explore if this perception varied
depending on the availability of their dominant arm.

Each experimental session consisted of 24 trials. At the
beginning of each trial, a black fixation cross was presented
centrally on a grey background for 3 s. Following the fixa-
tion cross, one of the six video clips was randomly selected
and displayed. Immediately after video offset, the instruc-
tion ‘Close Your Eyes’ appeared on the screen, prompting
participants to close their eyes. Two seconds after the ‘Close
Your Eyes’ instruction, an auditory ‘start’ signal (440 Hz
pure tone, 300 ms duration) was presented, cueing partici-
pants to begin motor imagery of the observed action from
a first-person perspective. Participants were instructed to
imagine performing the action with the same speed, trajec-
tory, and effort as observed in the video. An auditory ‘stop’
signal (523 Hz pure tone, 300 ms duration) was presented
at a time point corresponding to 50% of the pre-measured
video duration, interrupting the motor imagery process.

Immediately following the ‘stop’ signal, two static
frames extracted from the video clip were presented simul-
taneously side-by-side on the screen. One frame (‘correct
frame”) corresponded to the exact video frame at the instant
of the ‘stop’ signal (i.e., 50% of the video duration). The
other frame (‘incorrect frame’) was selected to be either
25% of the video duration (‘frame before”) or 75% of the
video duration (‘frame after’), randomized across trials. The
time points for the incorrect probe frames (25% and 75% of
video duration) were chosen to create a symmetrical tempo-
ral distance from the correct stop frame (50% of video dura-
tion), equivalent to 25% of the total action duration. This
proportional scaling relative to each video’s overall length
was implemented to ensure that the temporal judgment
task’s difficulty, in terms of absolute time difference, was
relatively consistent across actions, despite variations in
their total durations. Choosing time points halfway between
the start/end of the action and the stop point provided a bal-
anced temporal window for assessing potential temporal
biases both preceding and succeeding the interruption point
and was deemed adequate for capturing systematic shifts in
motor imagery timing.

On average, the temporal distance separating the cor-
rect frame from the incorrect ones (equivalent to 25% of
the total action duration) was 1.51 s across all video clips
(SD=0.45 s; see Table 1).

The position of the ‘correct frame’ (left or right side of
the screen) was also randomized across trials (Fig. 1). The
frames lasted until response. Participants were instructed to
indicate which of the two frames, left or right, corresponded
to the moment when their motor imagery was interrupted by
the auditory ‘stop’ signal. Responses were made by pressing
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Table 1 Temporal characteristics of video stimuli for human and robot actions

agent human robot

action moka flower marker moka flower marker
video duration 4.77 5.36 4.1 5.73 9.03 7.27
correct (50%) 2.39 2.68 2.05 2.87 4.52 3.64
before (25%) 1.19 1.34 1.03 1.43 2.26 1.82
after (75%) 3.58 4.02 3.08 430 6.67 5.45
Temp. distance 1.19 1.34 1.03 1.43 2.26 1.82

The table presents the duration (in seconds) for each of the six video clips. It also details the specific time points (in seconds) for: the ‘correct
frame’ (at 50% of video duration), the ‘incorrect frame before’ (at 25% of video duration), and the ‘incorrect frame after’ (at 75% of video dura-

tion). Furthermore, the temporal distance (equivalent to 25% of video duration) between the incorrect frames and the correct frame is shown

Incorrect frame type: Before

Incorrect frame type: After

Robot agent

Human agent

Fig. 1 Example of the two static frames extracted from the video clip
and presented for the temporal judgment task. As an example, the pic-
ture shows frames from the ‘moka action’. The figure illustrates the
four experimental conditions (Agent Type: Robot/Human; Incorrect

oty
+ ~ 1 Close your eyes
[ A T

T T W —

3sec —— video duration ———» 2sec —»

Fig. 2 Schematic representation of the experimental procedure. After
the fixation cross (3 s) one of the six video clips was displayed. Imme-
diately after video offset, the instruction “Close Eyes” appeared on the
screen (2 s). An auditory ‘start’ signal cued participants to begin motor
imagery. An auditory ‘stop’ signal was presented at a time point cor-
responding to 50% of the video duration, interrupting the motor imag-

with the left hand the ‘Z’ key to select the left frame or the
‘M’ key to select the right frame (Fig. 2). Participants kept
their left hand resting on the table next to the keyboard, and
typically used their index finger to press the response keys.
The left hand was used for responses across all conditions to
maintain consistency, particularly given that the ‘restrained
arm’ condition always involved the participant’s dominant

Frame Type: Before/After). Note: In this illustrative figure, the ‘Cor-
rect frame’ is shown on the right. During the actual experiment, the
position (left/right) of the ‘Correct’ frame was randomized across trials

c(]))) CQ))) i

STARTIMAGERY STOP IMAGERY
I

. _ 50% video duration_ _, —»

ery process. Two static frames extracted from the video clip were pre-
sented simultaneously side-by-side on the screen. Participants selected
the frame (left or right, using the ‘Z’ or ‘M’ key) that they judged to
best correspond to the moment their motor imagery of the action was
interrupted

(right) arm. Participants were encouraged to respond accu-
rately and quickly, although no time limit was imposed.
Notably, this temporal judgment task based on the two-
alternative forced choice (2-AFC) is based on a paradigm
successfully employed in previous research investigating
the temporal dynamics of motor imagery, particularly in

@ Springer
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Fig. 3 Distribution of error Restrained arm Free arm
percentage across agent, arm con-
dition, and incorrect frame type. 100 1 ‘ - T
The jittered boxplot illustrates the
error percentage for the within-
subject factors of Agent (Human
vs. Robot), Arm Condition (Free & 791
vs. Restrained), and Incorrect P .
Frame Type (Before vs. After) >

5

g 501 .

[

Q

I

o .

=

w25
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Before After Before After

studies by Galli and colleagues (Galli et al., 2022, 2025),
thereby facilitating comparisons with existing literature.

The experiment employed a within-subjects, full facto-
rial design. Each participant completed a total of 48 trials,
resulting from the combination of: 2 Arm Conditions (free
vs. restrained) x 2 Agent types (human vs. NAO robot) x 3
Action types (Moka vs. Flower vs. Marker) x 2 Incorrect
Frame Types (before vs. after) x 2 Correct Frame Posi-
tions (left vs. right). The order of trials within each session
was randomized for each participant to minimize potential
sequence effects, including those related to repeated expo-
sure to specific agent and action combinations or potential
carry-over effects between different agent types.

The stimuli presented and the raw data recorded are
archived in the research data repository OSF at the link h
ttps://osf.i0/g84p6/?view_only=054¢75aed0ef4£529069cal
252979aa4.

Data analysis and results

For each participant, for each condition, we calculated the
percentage of trials in which an error occurred out of the
total number of trials. Errors were defined as trials where the
participant incorrectly identified the frame corresponding to
the motor imagery interruption. Data from the practice ses-
sion were excluded from all analyses. Data were analyzed
using JASP software (version 0.18.1).

A repeated-measures ANOVA was conducted with
within-subject factors of Agent (Human vs. Robot), Arm
Condition (Free vs. Restrained), and Incorrect Frame Type

@ Springer

Incorrect frame

Agent: E Human . Robot

(Before vs. After). Alpha level was set at p < .05. Figure 3
displays the data according to the full factorial design.

The analysis revealed a significant main effect of Agent,
F(1, 27)=5.42, p = .03, n?> = 0.008. Participants exhibited
significantly lower error rates when imagining actions per-
formed by the Robot (Mean=31.0%, SD=13.1) compared
to the Human (Mean=36.9%, SD=11.9) agent across all
conditions.

There was also a significant main effect of Incorrect
Frame Type, F(1, 27)=96.51, p < .001, n?> = 0.54. Partici-
pants made significantly more errors when the Incorrect
Frame Type was After (Mean=158.0%, SD=21.2) compared
to when it was Before (Mean=9.8%, SD=10.5) across all
conditions.

The main effect of Arm Condition was not significant,
F(1, 27)=1.11, p = .30, n* = 0.002, indicating that restrain-
ing the dominant arm did not significantly influence overall
error rates.

A significant interaction between Agent and Incorrect
Frame Type was observed, F(1, 27)=8.16, p = .008, n? =
0.02. Post-hoc pairwise comparisons with Bonferroni cor-
rection further elucidated this interaction. For Before incor-
rect frames, there was no significant difference in error
rates between Robot (Mean=11.3%, SD=11.2) and Human
(Mean=8.3%, SD=15.0) agents. However, for After
incorrect frames, participants made significantly fewer
errors when imagining actions performed by the Robot
(Mean=50.06%, SD=25.8) compared to the Human agent
(Mean=65.5%, SD=23.8), t=3.08, p = .03. This indicates
that the effect of Agent on accuracy was dependent on the
Incorrect Frame Type.


https://osf.io/g84p6/?view_only=054e75aed0ef4f529069ca0252979aa4
https://osf.io/g84p6/?view_only=054e75aed0ef4f529069ca0252979aa4
https://osf.io/g84p6/?view_only=054e75aed0ef4f529069ca0252979aa4

Psychological Research (2026) 90:34

Page 7 of 14 34

All other interactions were non-significant (p > .05).

To assess the perceived difficulty of motor imagery,
responses from the post-experiment questionnaire were ana-
lyzed using a 2 (Agent: Human vs. Robot) x 2 (Arm Condi-
tion: Free vs. Restrained) repeated-measures ANOVA. The
dependent variable was the subjective rating of imagery
difficulty (on a 1-5 Likert scale, with lower scores indicat-
ing greater difficulty). The ANOVA revealed a significant
main effect of Agent (F(1, 27)=8.36, p < .01, n? = 0.12).
Participants consistently reported significantly greater dif-
ficulty imagining actions performed by the robot agent
(overall Mean=3.05, SD=0.94) compared to the human
agent (overall Mean=3.59, SD=1.04). A significant main
effect of Arm Condition was also observed (F(1, 27)=4.93,
p =.04,m?=0.6). Overall, participants reported greater dif-
ficulty imagining actions when their arm was restrained
(overall Mean=3.13, SD=1.07) compared to when it was
free (overall Mean=3.52, SD=0.94). Crucially, the interac-
tion between Agent and Arm Condition was not statistically
significant (F(1, 27)=0, p=1.00, n?> = 0). This indicates that
the perceived difficulty of imagining robot actions was con-
sistently higher than human actions, irrespective of whether
the participant’s arm was free or restrained, demonstrat-
ing that the differential difficulty of simulating robot ver-
sus human actions is robust to the peripheral motor state
(Fig. 4).

To address the possibility of participants adopting adap-
tive strategies over the course of the experiment due to
repeated interruptions (e.g., speeding up or slowing down
their imagery), we conducted an additional control analy-
sis. We ran a mixed-effects logistic regression including all

Fig.4 Subjective ratings of

imagery difficulty across agent
and arm condition. The jittered
boxplot illustrates the subjec- 5 -
tive ratings of imagery difficulty
(1=very difficult, 5=very easy)
for the within-subject factors
of Agent (Human vs. Robot) 4
and Arm Condition (Free vs. = '
Restrained) 8
E
-c .
> 31
—
(]
(@)}
@®
£
— 2 .
1

Free arm

trials, with Trial Number, Error Type (Before vs. After), and
their interaction as fixed effects, and random intercepts for
participants. The analysis revealed a strong main effect of
Error Type (Estimate=2.42, SE=0.30, z=8.03, p < .001),
indicating that After errors occurred more frequently than
Before errors overall. Neither the main effect of Trial Num-
ber (Estimate=—0.016, SE=0.010, z=—1.71, p = .09) nor
the Trial Number % Error Type interaction (Estimate=0.012,
SE=0.011, z=1.04, p = .30) reached significance. These
results indicate that response patterns remained stable across
the session, suggesting that participants did not progres-
sively adapt or accelerate their internal simulation strategy.
Given the inherent disparities between human and
robotic motion, which naturally led to longer durations for
robotic actions, and crucially, a considerably wider range of
durations for robotic actions (from 5.73s to 9.03s, a range
of 3.30s) compared to human actions (from 4.10s to 5.36s,
a range of 1.26s) (as detailed in Methods), we conducted
an additional analysis to explore how action duration spe-
cifically modulated the observed temporal biases. Prompted
by the significant interaction between Agent and Incorrect
Frame Type found in the primary analysis—which indi-
cated that the agent’s influence on accuracy was dependent
on the error type—two factorial ANOVAs were performed
for ‘Before’ and ‘After’ error percentages. The within-sub-
ject factors were ‘Agent’ (Human vs. Robot) and ‘Rela-
tive Stimulus Duration’ (3 levels). To create the ‘Relative
Stimulus Duration’ factor, the three specific durations for
each agent were categorized into ‘Fast,” ‘Mid,” and ‘Slow’
based on their relative length within that agent’s repertoire
(as detailed in Table 1). Specifically, for human actions, the

Restrained arm

Human

Rolbot Hurlnan Ro'bot

Agent
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Fig.5 Error percentage distribution across agent, incorrect frame type,
and relative stimulus duration. The bar chart illustrates the mean error
percentage for the within-subject factors of Agent (Human vs. Robot)
and Incorrect Frame Type (‘Before’ vs. ‘After’). For each agent and
incorrect frame type, the three bars represent the Relative Stimulus
Duration, categorized into ‘Fast,” “Mid,” and ‘Slow.’ ‘Fast’ corresponds

Marker action (4.10s) was classified as ‘Fast,” Moka (4.77s)
as ‘Mid,” and Flower (5.36s) as ‘Slow.” Similarly, for robotic
actions, Moka (5.73s) was ‘Fast,” Marker (7.27s) was ‘Mid,’
and Flower (9.03s) was ‘Slow.’

For ‘After’ frames, the two-way ANOVA revealed a
significant main effect of Agent, F(1, 27)=9.46, p=0.005,
n? = 0.07, confirming that participants made significantly
fewer ‘After’ errors when imagining actions performed by
the Robot compared to the Human agent. A significant main
effect of Relative Stimulus Duration was also observed, F(2,
54)=17.27, p=0.002, n* = 0.04. Bonferroni-corrected post-
hoc comparisons (Holm adjusted) for Relative Stimulus
Duration indicated a significant decrease in ‘After’ errors
from ‘faster’ to ‘slower’ durations (Mean Difference=6.25,
t=3.44, p=0.006). The comparison between ‘middle’ and
‘slower’ durations was borderline significant (Mean Dif-
ference=4.46, t=2.39, p=0.05), while no significant dif-
ference was found between ‘faster’ and ‘middle’ durations
(Mean Difference=1.79, t=1.35, p=0.19). The interaction
between Agent and Relative Stimulus Duration was not sig-
nificant, F(2, 54)=2.24, p=0.12, n? = 0.01. This suggests
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to the shortest action duration within that agent’s repertoire (Human:
Marker, 4.10s; Robot: Moka, 5.73s). ‘Mid’ corresponds to the medium
duration (Human: Moka, 4.77s; Robot: Marker, 7.27s). ‘Slow’ corre-
sponds to the longest duration (Human: Flower, 5.36s; Robot: Flower,
9.03s). Error bars represent standard errors of the mean (SEM)

that the overall tendency for ‘After’ errors to decrease with
increasing action duration is consistent across agent types.

For ‘Before’ frames, the two-way ANOVA did not reveal
a significant main effect of Agent, F(1, 27)=0.96, p=0.34,
n* = 0.00, nor a significant main effect of Relative Stimulus
Duration, F(2, 54)=1.98, p=0.15, n?> = 0.01. However, a
significant interaction between Agent and Relative Stimulus
Duration was observed, F(2, 54)=4.10, p=0.02, n* = 0.04.
Though Bonferroni-corrected post-hoc comparisons (Holm
adjusted) revealed no statistically significant pairwise dif-
ferences, descriptive statistics (see also Fig. 5) showed that
for robot actions, ‘Before’ errors numerically increased with
increasing duration (‘faster’: M=3.13, SD=6.48; ‘middle’:
M=4.46, SD=6.98; ‘slower’: M=9.38, SD=10.55). In
contrast, for human actions, ‘Before’ error percentages
remained relatively low and stable across durations (‘faster’:
M=491, SD=9.22; ‘middle’: M=4.02, SD=10.79;
‘slower’: M=3.57, SD=8.23).
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Discussion

The present study employed a temporal judgment task to
investigate the internal time course and accuracy of motor
imagery (MI) following the observation of goal-directed
actions performed by human and robotic agents. Our pri-
mary findings reveal a consistent temporal bias in MI, sig-
nificantly modulated by the observed agent’s movement
characteristics and action duration, while performing the
same goal-directed actions and remaining unaffected by the
observer’s arm mobility in the short term.

A striking result is the systematic bias towards selecting
the ‘After’ incorrect frame over the ‘Correct’ frame when
participants’ motor imagery was interrupted. Notably, this
finding of an accelerated time course in motor imagery, evi-
denced by the ‘After’ bias, mirrors recent results obtained
using a similar temporal judgment paradigm in studies
with children (Galli et al., 2022, 2025). This convergence
of results across different populations (adults vs. children)
suggests that the observed temporal bias may be a general
characteristic of MI, irrespective of the specific observer
population. This result indicates that participants consis-
tently judged their imagined actions as having progressed
temporally beyond the actual point of the stop signal inter-
ruption. Further analysis confirmed that these response
patterns remained stable across trials, with no evidence of
systematic strategic adaptation over time.

This systematic forward temporal bias in MI exhib-
its conceptual parallels with Representational Momentum
(RM), a well-established phenomenon in visual perception
where the remembered final position of a briefly presented
moving object is displaced forward in the direction of its
motion (Freyd & Finke, 1984; Hubbard, 2005; see also
Hubbard, 2017 for a general theory of momentum-like
effects). However, it is important to distinguish that our
task involves judging an interruption point rather than a
final position, thus the underlying mechanisms may differ.
This forward temporal bias in MI suggests an anticipatory
and dynamic unfolding of the internal simulation, where
the mental action progresses slightly ahead of the objec-
tive timeline. In our data, this is clearly evidenced by the
high rate of ‘After’ errors compared to the very low rate of
‘Before’ errors across all conditions. This could manifest as
either a perceived accelerated speed of motor imagery or
a momentum-like continuation of the simulation even after
the stop signal, driven by internal predictive mechanisms,
thereby distorting the subjective experience of the exact
interruption point.

Crucially, our finding that the magnitude of this forward
bias is significantly smaller for imagining robotic actions
compared to human actions demonstrates that this tempo-
ral bias is not a fixed property of MI but is dynamically

influenced by the characteristics of the observed action. A
more detailed analysis revealed that this effect is closely
related to the duration of the observed actions. Specifically,
for ‘After’ errors, there was an overall tendency to decrease
with increasing action duration, consistent across agent
types, and no significant interaction between Agent Type
and Relative Stimulus Duration was observed. However, it
is also important to consider an objective aspect of the task
that might have contributed to the general decrease in ‘After’
errors with increasing action duration. Given the propor-
tionally scaled temporal distance between the ‘Correct’ and
‘After’ frames, the absolute time difference between these
frames was larger for longer videos (as detailed in Table 1).
This increased objective discriminability for longer actions
could have made the task objectively easier, thereby con-
tributing to the observed reduction in ‘After’ errors across
all agent types.

In contrast, for ‘Before’ errors, a significant interac-
tion between Agent Type and Relative Stimulus Duration
was observed. This distinct pattern (as visually depicted in
Fig. 5) highlights a differential temporal dynamic where
for robotic actions ‘Before’ errors numerically increased
with increasing duration. This may suggest that the inter-
nal simulation of longer robotic movements, which partici-
pants rated as more difficult, leads to a more conservative
temporal judgment or a perceived slowing of the mental
simulation process, thereby resulting in an attenuation of
the inherent forward temporal bias rather than an outright
lagging behind the objective action. This pattern, notably
absent for human actions, indicates a differential sensitivity
to action duration depending on the agent type.

A critical consideration when interpreting these differen-
tial effects is the inherent difference in the range of durations
presented for human versus robotic actions. As detailed in
the Methods and Table 1, robotic actions, due to their kine-
matic characteristics, naturally exhibited a considerably
wider range of durations (3.30s) compared to human actions
(1.26s). While this wider range for robot videos could, in
principle, provide greater statistical power to detect dura-
tion-dependent effects, the absence of a significant duration
effect for human actions, even within their tested range,
is noteworthy. In contrast, the significant reduction in
‘After’ errors for longer robotic actions, combined with the
observed numerical trend towards more ‘Before’ errors and
participants’ reported higher difficulty in imagining these
movements, suggests a genuine difference in the cognitive
processing demands of non-biological actions, especially as
they become more protracted. Therefore, while our findings
strongly indicate a modulation of MI temporal dynamics
by agent type and action duration, we cannot definitively
disentangle the effect of agent type from the full range of
possible durations without a study specifically designed to
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match or systematically vary duration ranges across agent
types. Future research should explicitly address this by
either matching duration ranges or exploring a broader, sys-
tematically varied set of durations for both agents to further
elucidate these interactions.

To reconcile the observed anticipatory temporal bias with
the slowing for robotic actions, we propose that the intrin-
sic forward drive is actively modulated by the perceived
‘ease’ or ‘efficiency’ of the internal simulation. For human
actions, where the simulation proceeds smoothly regardless
of duration, this forward bias manifests more strongly. In
contrast, the less biologically plausible movement charac-
teristics and longer durations of robotic movements, which
also presented a wider range of temporal variation in our
stimuli, appear to demand a higher cognitive load for inter-
nal simulation. This increased cognitive demand is strongly
supported by participants’ subjective reports from a post-
experiment questionnaire, where imagining robot actions
was rated as significantly more difficult than imagining
human actions, and this differential difficulty persisted
regardless of arm condition. This higher cognitive load
in simulating robotic actions effectively slows down the
perceived pace of motor imagery (leading to a numerical
increase in ‘Before’ errors) and, consequently, attenuates
the overall expression of the ‘After’ bias. Thus, the reduced
‘After’ errors for robotic actions do not signify an absence
of the forward bias tendency, but rather its attenuation due
to a concomitant slowing of the internal simulation process,
reflecting adaptive adjustments in simulation speed (Flash &
Hogan, 1985; Gulletta et al., 2020; Viviani & Flash, 1995).
These findings are further supported by a control analysis
demonstrating the stability of response patterns throughout
the experiment, suggesting that the observed modulation of
MI is not attributable to progressive participant strategies.
This suggests a complex interplay where the biological con-
gruence and temporal extent of an action influence the speed
of the internal simulation, particularly for non-biological or
lengthy actions, rather than just the magnitude of the antici-
patory overshoot.

To further contextualize our findings, it is important to
distinguish our temporal judgment task, which probes the
subjective experience of an interruption point during ongo-
ing imagery, from traditional mental chronometry stud-
ies that typically compare the total duration of imagined
actions with their executed counterparts (e.g., Collet et al.,
2011; Parsons, 1994). Our investigated actions — grasping,
pouring, and drawing — are common, everyday motor skills.
In mental chronometry, such actions often show a strong
temporal congruence (isomorphism) between imagined and
executed durations, or sometimes a slight acceleration of
imagery, particularly for less complex movements (Decety
etal., 1989; Guillot & Collet, 2005). Our consistent forward
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temporal bias in MI can be seen as a fine-grained manifesta-
tion of the inherent dynamic and anticipatory nature of motor
imagery. This internal drive to project the action slightly
ahead of the objective timeline is consistent with observa-
tions where MI can be faster than execution, reflecting an
efficient internal simulation process. When MI is relatively
smooth and efficient, as often assumed for human-like, bio-
logically plausible actions, this anticipatory bias manifests
more strongly. Conversely, when MI becomes more cogni-
tively demanding, as evidenced by the increased difficulty
and ‘Before’ errors for robotic actions, this forward drive
appears to be actively modulated and attenuated. This adap-
tive slowing of the internal simulation aligns with findings
from chronometry studies where more complex or difficult-
to-imagine actions can lead to longer MI durations (Dahm
& Rieger, 2016). Therefore, anticipatory temporal biases
in motor imagery are likely to occur whenever the internal
simulation is driven by predictive mechanisms, particularly
for fluid, biologically plausible actions that permit efficient
internal processing. These biases would be attenuated or
modified when cognitive load is high, biological plausibil-
ity is low, or when the action is protracted and challenging
to simulate.

These findings reveal that temporal bias in MI is not a
fixed property but is dynamically modulated by action
characteristics—such as biological plausibility and dura-
tion—challenging simplistic accounts of motor imagery
(e.g., early interpretations emphasizing strict isomorphism,
Parsons, 1994; see also Collet et al., 2011). In line with
dynamic embodied cognition accounts (Barsalou, 2008;
Craighero, 2024; Gallese & Lakoff, 2005; Varela et al.,
2016), the present results suggest that mentally simulating
an action is grounded in sensorimotor knowledge that lever-
ages observed kinematics to adapt the pace of internal simu-
lations (Flash & Hogan, 1985; Gulletta et al., 2020; Viviani
& Flash, 1995). This flexibility is a hallmark of dynamic
embodied systems, potentially preventing excessive tempo-
ral overshoots or lags (e.g., Kilner et al., 2007; Wolpert et
al., 2003; Wolpert & Ghahramani, 2000). The sensitivity of
these adaptive simulation processes to the characteristics of
observed agents, including robots, is consistent with their
flexible tuning based on environmental input (Craighero et
al., 2008; Gazzola et al., 2007; Gowen & Poliakoff, 2012).
This aligns with a broader body of literature on action
observation, which demonstrates that the motor system
dynamically adjusts its internal simulations based on the
biological congruence and kinematic properties of observed
movements, distinguishing between human, robotic, or
even biomechanically impossible actions (Costantini et al.,
2005; Cross et al., 2012; Longo et al., 2008). These find-
ings highlight that our internal models are finely tuned to the
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nature of the observed agent, influencing how subsequent
motor imagery unfolds.

Furthermore, while models like the ‘efferent delay sub-
traction’ (Jeannerod, 2001) predict MI might be faster than
execution, they do not readily explain our consistent for-
ward temporal bias (‘After’ frame selection) relative to the
observed action’s timeline. Our data show an overshoot, sug-
gesting an anticipatory or goal-oriented process leading to
temporal compression relative to observation and a forward
projection. The modulation of this bias by agent type further
supports that the simulation is dynamically influenced by
observed movement characteristics, not just a fixed inter-
nal mechanism like efferent delay. Our findings resonate
with studies using occluder paradigms in action observa-
tion, which also explore the timing and representational
mechanisms of ongoing action simulations (Sparenberg et
al., 2012; Springer et al., 2013). These studies consistently
show that the brain actively predicts and simulates the time
course of occluded actions, a process that shares conceptual
underpinnings with our investigation into MI’s temporal
unfolding.

Interestingly, this pattern of modulation, where less bio-
logically plausible robot actions, especially longer ones, lead
to an attenuation of the internal simulation speed (relative to
the acceleration observed for human actions), manifested as
increased ‘before’ errors and a reduced ‘After’ bias, offers
a nuanced perspective compared to perceptual Representa-
tional Momentum (RM). In RM, less ‘rich’ stimuli some-
times elicit larger forward shifts (Zucchini et al., 2023).
Here, in M1, it appears that the cognitive system actively
adjusts the simulation speed in response to the characteris-
tics of the observed agent and action. Rather than a simple
forward projection, MI involves a more sophisticated adap-
tation: for movements perceived as more challenging or less
natural (like the robot’s), a perception directly confirmed by
participants’ higher reported difficulty in imagining robot
actions, especially when extended in time, the internal sim-
ulation might slow down to maintain accuracy or manage
cognitive load. This suggests that factors like the biological
congruence of the movement and its duration, and the resul-
tant ease of internal simulation, play a more prominent role
in modulating MI temporal biases. The interplay between
the inherent forward momentum and the adaptive slowing
of simulation, particularly for challenging stimuli like pro-
tracted robot actions, defines this distinction. This differs
from solely relying on “biological richness” (Zucchini et al.,
2023) or direct predictability inferences, suggesting distinct
mechanisms underlying temporal distortions in motor imag-
ery versus purely visual perception.

The manipulation of the observer’s dominant arm mobil-
ity (free vs. restrained) did not significantly affect tempo-
ral judgment accuracy, nor did it interact with agent type

or incorrect frame type. This null finding, alongside the
non-significant interaction between Agent and Arm Condi-
tion on perceived imagery difficulty, suggests that, in this
temporal judgment task focusing on the internal unfolding
of imagery, MI is primarily driven by central sensorimotor
representations. The short-term physical constraint of the
peripheral limb, despite being known to modulate cortico-
spinal excitability (Vargas et al., 2004), appears to have a
limited impact on the temporal dynamics of mentally simu-
lated actions, and on the differential subjective experience
of difficulty between agents, at least as measured by this
paradigm. This aligns with theories emphasizing the central,
rather than exclusively peripheral, basis of motor imagery
(Jeannerod, 2001).

Several limitations warrant consideration. First, the use
of a limited set of goal-directed actions performed by a sin-
gle robotic agent model may restrict the generalizability of
our conclusions. Future research should explore a broader
range of actions, and agents with varying degrees of anthro-
pomorphism and kinematic profiles, specifically investigat-
ing how variations in action duration within each agent type
might further modulate the speed and direction of the tem-
poral bias in motor imagery. Second, while we specifically
conducted a control analysis to investigate potential par-
ticipant strategies, which did not reveal systematic changes
over time, future studies could still include more detailed
subjective reports on imagery vividness, modality, and con-
sistency of perspective (first-person vs. third-person), espe-
cially for non-biological agents.

Furthermore, while the two-alternative forced choice
(2-AFC) temporal judgment task employed in this study
was selected to facilitate comparisons with existing litera-
ture (Galli et al., 2022, 2025) this format inherently limits
the ability to precisely quantify the full magnitude or exact
temporal location of this bias. Specifically, in trials pre-
senting a ‘Correct’ frame alongside a ‘Before’ frame, par-
ticipants exhibiting a forward temporal bias might select the
‘Correct’ frame simply because it represents the temporally
closest, or “less incorrect,” option. Consequently, using a
more graded response method, such as a three-alternative
forced choice task (‘Before’, ‘Correct’, ‘After’ options
presented simultaneously) or a continuous response scale,
similar to those employed in occluder paradigms for action
observation (Graf et al., 2007; Prinz & Rapinett, 2008),
could potentially provide richer data on the precise mag-
nitude of the temporal shift and the speed of internal simu-
lation across conditions in future research. Finally, while
our arm restraint manipulation provided physiologically
grounded modulation of the peripheral motor system, future
investigations could explore even stronger manipulations,
such as active concurrent motor tasks, to further investigate
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the boundaries of its influence on motor imagery temporal
dynamics.

Conclusion

In conclusion, this study provides evidence demonstrating
that motor imagery exhibits a consistent forward temporal
bias. This bias suggests that internal simulation drives the
representation slightly forward beyond the objective stop
point. The novel finding is that this bias in MI is not static
but dynamically modulated by the characteristics of the
observed agent, specifically through the interplay between
biological plausibility and action duration, which implic-
itly reflect differences in underlying kinematics. Imagin-
ing human actions leads to a larger ‘After’ temporal shift
whereas imagining robotic actions, particularly longer
ones, induces a reduction in the internal simulation speed
compared to human actions. This attenuation of the for-
ward projection pace, despite the reported higher difficulty,
paradoxically contributes to a reduced overall ‘After’ bias
for robot actions, reflecting a more conservative temporal
judgment. The temporal dynamics of MI, as assessed here,
appear largely independent of the observer’s acute periph-
eral motor state. These findings contribute to a more refined
understanding of action simulation, highlighting that MI
is a dynamic, anticipatory process influenced by the bio-
logical congruence and temporal properties of the observed
movement.
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