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The Hand Laterality Judgement Task (HLJT) is considered a measure of the ability to manipulate motor images.
The ‘biomechanical constraints’ effect (longer reaction times for hand rotations towards anatomically difficult
versus biomechanically easier movements) is considered the behavioural hallmark indicating motor imagery is
being used. Previous work has used diverse HLJT paradigms, and there is no standardized procedure for the task.
We developed an open-source, freely available version of the HLJT in PsychoPy2, which needs no programming
skills and is highly customisable. Some studies suggest responding to the HLJT with the hands may interfere with
performance, which would limit practical application of the task. We examined this potential issue using in-
person and online versions. For the in-person version, 40 right-footed/handed individuals performed the HLJT
with their feet or bimanually (N = 20 each). For the online version, 60 right-handed individuals performed the
task bimanually or unimanually (N = 20 each). Bayesian mixed-effect analyses quantified the evidence for and
against equivalence within and between the in-person and online versions. Both versions replicated previously
described behavioural phenomena, including effects of angle, hand view, and the ‘biomechanical constraints’
effect. While responding with different effectors modified overall reaction times, it did not interact with other
factors analysed, and did not affect accuracy or the ‘biomechanical constraints’ effect. There was also evidence
for equivalence between in-person and online bimanual groups for all measures. We conclude that this open-
source, standardized HLJT protocol (available at https://osf.io/8h7ec/) can reliably detect previously identi-
fied effects and works equally well in-person or online.

Introduction

used as a measure of the ability to manipulate motor images (Parsons,
1987). In the task, individuals judge whether hand images rotated to

Motor imagery is a topic of increasingly growing scientific interest. It
can be defined as the mental simulation of a movement without actual
physical execution (Jeannerod, 2001). Motor imagery is relevant for a
variety of purposes, from fundamental neuroscientific research to
applied fields in sports and rehabilitation (Ladda etal., 2021; Zhao
etal., 2023). Evidence indicates that performing motor imagery is
subject to inter-individual variability (Floridou et al., 2022; Guillot
etal.,, 2008) and depends on different imagery subprocesses (Collet
etal.,, 2011), which has led to the development of ‘motor imagery
ability’ measures (Suica et al., 2022). At the behavioural level, these
assessments aim to evaluate the individual’s ability to generate, main-
tain and manipulate motor imagery (Kraeutner et al., 2020).

The Hand Laterality Judgement Task (HLJT) has been extensively

different angles correspond to the left or right side of the body. Theo-
retically, most individuals will involuntarily use motor imagery to solve
the task (Conson et al., 2020). That is, they will inadvertently simulate
(i.e., imagine) rotating their own hand to decide the laterality. The fact
that this behaviour appears unintentionally is one of the argued
strengths of the HLJT over other imagery ability measures (e.g., ques-
tionnaires for imagery generation or mental chronometry for imagery
maintenance), which rely on the individual’s capacity of voluntarily
performing motor imagery and subjectively reporting it afterwards
(Suica et al., 2022; Williams et al., 2015). The HLJT assesses so-called
implicit motor imagery ability (McAvinue & Robertson, 2008).
Research has generally suggested that one behavioural hallmark of
the HLJT may indicate whether individuals are using motor imagery to
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solve it: the ‘biomechanical constraints’ effect (Parsons, 1994). Ac-
cording to this effect, the reaction time needed to judge laterally rotated
stimuli would be greater than medially rotated stimuli considering a
rotation in the frontal axis, a phenomenon explained by the inherent
anatomical limitations of the actual movement. While the literature is
not in complete agreement with this effect solely and uniquely reflecting
motor imagery-based processing (Meng et al., 2016; Vannuscorps &
Caramazza, 2016), it has been widely employed as an indication of
motor imagery. This is partially because the effect only appears in the
HLJT as opposed to other mental rotation tasks, such as letter rotation
tasks (Bek et al., 2022, p. 20; Mibu et al., 2020), which suggest the HLJT
may elicit a different cognitive strategy, probably based on egocentric
processing (Brady et al., 2011; Nagashima et al., 2019; Wei-Dong et al.,
2008).

While the HLJT has been widely used in psychological, neuroscien-
tific, and clinical research, it has been substantially less used in applied
contexts such as rehabilitation, sports science, or online studies. More-
over, there is no standardized version of the task, and previous studies
have used a wide variety of experimental paradigms (e.g. different an-
gles of rotation, views of the hand, etc.). Furthermore, researchers have
generally implemented this task in software which are typically not
prepared for running both in-person and online studies. New de-
velopments in open-source stimulus presentation software can over-
come both issues while permitting the experimental setup to be flexible.

One of the peculiarities of the HLJT, which might explain its limited
use in applied circumstances and online studies is that if participants
respond using their own hands, a possible confound with task perfor-
mance might arise, in the form of an interference or priming effect
(Cocksworth & Punt, 2013). This may occur because the same effector is
being used to process the stimulus and provide a response, potentially
modifying how information is processed while the response is being
prepared. Thus, verbal (lonta et al., 2007) or foot (Brady et al., 2011)
responses have been used to avoid this potential issue. We note, how-
ever, that studies which have used the HLJT with manual responses have
broadly replicated the main behavioural phenomena of this paradigm,
including the presence of the ‘biomechanical constraints’ effect (Bek
et al., 2022; Hudson et al., 2006; Kraeutner et al., 2019; Saimpont et al.,
2009). In fact, the assertion that hand response modes modify behaviour
in the HLJT has only been directly tested in one previous study
(Cocksworth & Punt, 2013), which showed an effect of response mode
whereby manual responses were slightly less accurate and slower than
verbal responses. However, participants provided hand responses
unimanually (i.e., responding to left/right hand images using the index/
middle finger of one hand), introducing a level of stimulus-response
incompatibility that could arguably represent a more complex paradigm
than responding bimanually (i.e., with the index finger of the corre-
sponding hand shown by the stimulus). Furthermore, whether
responding with the hands modified the magnitude of the ‘biomechan-
ical constraints’ effect was not assessed. Further evidence in this regard
is necessary to expand the applicability of the task to non-laboratory
settings, where the individual could potentially need to respond with
one or two hands depending on the specific situation (e.g., in case of
unilateral motor disturbances or verbal communication disorders, or
online studies).

The present study therefore had two central aims. Our first aim was
to develop a standardized version of the HLJT as open-source software
that is freely available. We publicly share both local and online running
versions of the paradigm we used for this study (https://osf.io/8h7ec/).
The task allows a high level of customizability and does not require
extensive programming skills to be set up, with the ultimate goal of
paving the way for its use in non-laboratory contexts. We ‘validated’ the
in-person and online versions against each other using Bayesian analyses
and equivalence tests, and investigated whether both versions could
replicate the well-established behavioural phenomena in this task. The
second goal was to test the hypothesis that manual responses interfere
with performance in the HLJT, as this would facilitate future use in
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applied or online contexts. In the in-person version we compared a
bimanual response mode against a foot response mode in terms of ac-
curacy, reaction time and, critically, the ‘biomechanical constraints’
effect. We predicted that manual responses could modify task perfor-
mance in terms of accuracy or reaction time, but not the biomechanical
effect. Importantly, even in the presence of small discrepancies between
response modes, we posited that meaningful differences would not
emerge, and that responding with the hands would be practically
equivalent than responding with the feet. In the online version, we
compared the equivalence between bimanual and unimanual response
modes, as the latter may be necessary for clinical applications.

Methods
Study design and participants

This study used a mixed design, comparing measurements within-
and between-subjects and in-person or online versions of the HLJT. All
study procedures followed the Declaration of Helsinki (2013 revision)
and were approved by the Ethics Committee of the Institute for Research
in the Psychological Sciences, UCLouvain (N°: 2024-21). All partici-
pants were financially compensated for their time (€10/h).

Overall, 100 right-handed healthy individuals aged 18-35 years,
with normal or corrected-to-normal vision and no history of neurolog-
ical damage participated. Participants were identified as right-handed
by self-assessment. All participants were assessed with the Movement
Imagery Questionnaire-3 (MIQ-3) to determine the ability to generate
motor imagery as total, kinesthetic, internal visual and external visual
imagery scores (Williams et al., 2012).

Setting and participants in-person version:

Forty right-handed individuals participated (see Table 1 for de-
mographics). All participants were also self-identified as right-footed by
answering the question “If you were to kick a ball would you do it with
your right leg?”, as previous work has established this as an appropriate
way to assess leg dominance (van Melick et al., 2017). Participants were
recruited via public advertisements, and they were assessed at UCLou-
vain (Belgium). Participants were randomly allocated to 2 different
groups which only differed in the Response Mode. A computer random
sequence generator with 1:1 assignment was used. The “Foot” group (N
= 20) responded to the HLJT with their feet, whereas the “Bimanual”
group (N = 20) responded with their hands (see Response Modes for
details).

Setting and participants online version:

Sixty right-handed individuals participated (see Table 1 for de-
mographics). In order to verify the task could be completed online, the
experiment was conducted fully remotely, and participants were
recruited via the crowdsourcing platform Prolific (https://www.prolific.
com/). Participants were randomly allocated to 3 different groups (N =
20 each) that completed the task in either a “Left Hand”, “Bimanual” or
“Right Hand” condition (see Response Modes for details).

General procedure, task, and stimuli

General procedure:
Experimental procedure is shown in Fig. 1A and Fig. 1B and was

common for both versions. First, participants were assessed using an
electronic version of the MIQ-3. The cross-culturally adapted English,
Spanish or French versions were used depending on the native language
of the participant (Robin etal., 2020; Trapero-Asenjo etal., 2021).
Participants completed the questionnaire on their own. In the in-person
version, the experimenter clarified any doubts or corrected the partici-
pants only if they asked or if they did not perform the movements as
intended (e.g., if they performed a completely different movement or did
the movement with the contralateral limb). In the online version, no
clarifications were made.

Participants were assessed by the HLJT, whereby they judged
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Table 1
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Participants’ characteristics for the in-person and online Hand Laterality Judgement Task versions according to their groups, including the Bayes Factors in favour of

the null hypothesis of no differences between the groups (BFg;).

Characteristic In-person version

Online version

Foot Bimanual Bayes Factorfor null (BFp;) Left-Hand Bimanual Right-Hand Bayes Factor for null (BFq;)
(N =20) (N =20) (N =20) (N = 20) (N = 20)
Age, mean + SD 24.80 + 3.65 24.25 + 3.21 2.92 26.20 + 4.97 25.70 + 3.63 26.05 + 3.82° 6.94
MIQ-3, mean + SD
Total score 68.40 + 8.91 66.95 + 7.44 2.86 61.30 + 9.89 63.05 £ 11.75 61.79 + 12.17 6.62
Kinesthetic 21.85 + 3.67 22.05 + 4.15 3.21 20.20 + 4.26 20.90 + 4.33 21.10 + 3.93 6.15
Internal Visual 22.65 + 3.80 22.30 + 3.99 3.14 20.65 + 3.88 21.05 + 4.22 19.84 + 4.68 2 5.46
External Visual 23.90 + 2.94 22.60 + 3.55 1.73 20.45 + 3.98 21.26 + 3.98 % 20.95 + 4.25 2 6.26
Sex, n (%) 1.18 6.29
Female 12 (60 %) 16 (80 %) - 9 (45 %) 11 (55 %) 9 (45 %) -
Male 8 (40 %) 4 (20 %) - 11 (55 %) 9 (45 %) 11 (55 %) -

Note: BFs are interpreted following established benchmarks, considering ‘no’ evidence, ‘anecdotal’, ‘moderate’, ‘strong’, ‘very strong’ and ‘extreme’ evidence if the BF
was ~1, 1-3, 3-10, 10-30, 30-100 and > 100, respectively (Andraszewicz et al., 2015; Jeffreys, 1998). Bayes factors are presented in relation to the null (BF¢;)

hypothesis.

2 Data showed from N = 19 participants. > Data showed from N = 19 participants. > Data showed from N = 19 participants.

whether images of hands that had been rotated depicted a right or left
hand. Two experiments were created and run in PsychoPy2 version
2023.2.3 (Peirce et al., 2019). A ‘local’ experiment was used for the in-
person version, whereas for the online version this was output to a
PsychoJS experiment to be run online via PsychoPy2's associated web-
page Pavlovia (https://pavlovia.org/) (Bridges et al., 2020). The files to
run both experiments are freely accessible at https://osf.io/8h7ec/.

All participants were instructed to respond as quickly and accurately
as possible through standardized on-screen instructions. The in-
structions were available in English, French or Spanish and had been
reviewed by two native speakers in each case to ensure equivalence. In
the in-person version, participants sat at a comfortable distance to the
experiment computer (a 14-inch Dell laptop, 16gb RAM, 13th Gen i5-
1345U, 1.6 GHz, refresh rate = 60 Hz) in a quiet room. In the online
version, participants completed the experiment on their own computer,
and were instructed to complete the task in a quiet room without
distractions.

Task and experimental stimuli:

The task and experimental stimuli were identical in both versions.
The experimental stimuli were real hand pictures as shown in Fig. 1C.
Images of left hands were right-hand images that had been mirror
reversed. Left or right images were presented in 8 rotational angles in
the frontal axis (0°, 45°, 90°, 135°, 180°, 225°, 270°, 315° for right
hands in the clockwise direction, and the opposite for left hands), and 2
possible views (palmar or dorsal). In total, 32 unique stimuli were used.

Each stimulus was preceded by a small fixation cross in the centre of
the screen for 800 ms. Stimuli were presented in the centre (PsychoPy
dimensions: 0.45 x 0.45 units) and remained until a response was made.
Visual feedback following each stimulus was provided for 300 ms via
two small boxes (PsychoPy dimensions: 0.07 x 0.07 units) placed at the
bottom of the screen; the corresponding box turned green if a response
was correct, and red if incorrect (Fig. 1B). We chose to provide trial-to-
trial feedback as one of the goals of the study was to develop a version of
the task that could be used for fully remote data collection, and such
feedback can provide additional motivation for participants to comply
with task requirements. Participants were allowed to familiarise them-
selves with the task and stimuli in a practice block with 1 repetition per
unique stimulus (i.e., 32 trials) followed by 4 test blocks with 96 trials
each (3 repetitions per unique stimulus). In each test block, stimuli were
randomly presented in sub-blocks of 32 trials with 1 repetition per
unique stimulus in each sub-block, to minimize the likelihood of the
same stimulus appearing more than twice in a row. Only test blocks were
used for the analyses, resulting in a total of N = 384 trials per partici-
pant. Breaks between blocks were allowed, with a minimum duration of
10 s and no maximum limit.
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Response Modes across versions

Participants in both versions of the HLJT responded with one of the
Response Modes depicted in Fig. 1D-E. All participants were given
standardized, on-screen instructions which differed only according to
the corresponding Response Mode.

In the in-person version (Fig. 1D), participant responses were
recorded using an external QWERTY USB-keyboard (dell). All buttons
were removed from this keyboard apart from the ‘S’ and ‘L’ keys, which
were used to provide responses to left- and right-hand stimuli, respec-
tively. This procedure allowed us to record both hand and foot responses
with the same device. For the “Foot” Response Mode the keyboard was
placed on the floor inside a custom-built wooden frame to help maintain
its position. Participants sat at a desk and placed their left foot in contact
with the ‘S’ key, and their right foot in contact with the ‘L’ key. They
were instructed to maintain the position of the feet as stable as possible,
with the heels in contact with the wooden frame, and did not wear shoes.
Participants were allowed to adjust the positioning of their legs to
optimise comfort, although their knees were always flexed at approxi-
mately 90°. They were asked to place their hands over their thighs and
under the desk (i.e., without seeing them), and asked not to move them
while performing the task. In the “Bimanual” mode, the keyboard was
placed on the surface of the desk, and participants sat with their left
index finger in contact with the ‘S’ key, and their right index finger in
contact with the ‘L’ key. As such, participants could see their hands
during the task.

In the online version (Fig. 1E), participants were instructed to
complete the task either unimanually (with only the left or right hand),
or bimanually. Participants in the “Bimanual” mode responded as in the
in-person version, but on their own computer’s keyboard. In the “Left-
hand” and “Right-hand” Response Modes (only online), participants
were instructed to respond with the index and middle fingers of the
respective hand on their computer’s keyboard. The keys in these two
modes were the same and were centred on the keyboard (‘G’ for left
images and ‘H’ for right images) to maintain relative spatial congruence
in the required responses (Waltzing et al., 2024).

Statistical analysis

All analyses were performed in R version 4.3.3 (R Core Team 2024).
Scripts and data are freely available at https://osf.io/8h7ec/. As a large
part of the predictions for this study were focused on considering the
evidence in favour of the null hypotheses or practically equivalent dif-
ferences, a Bayesian framework was used. This allowed us to obtain
evidence for and against the null/alternative hypothesis. Therefore, all
primary results are reported from the posterior distribution as means
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Fig. 1. Experiment overview. Panel A shows the overall structure of the experiment. Participants started by completing the electronic version of the Movement
Imagery Questionnaire-3 (MIQ-3) before doing the Hand Laterality Judgement Task (HLJT), which consisted in 1 practice block and 4 test blocks. Panel B shows the
experimental stimuli used Laterality (right/left) and rotational angle (0° to 315° in increments of 45°) were used to code medial and lateral directions according to
the anatomical position, which were later used for the ‘biomechanical constraints’ effect analysis. Panel C shows an example of trials from the HLJT, with visual
feedback (green for correct responses, red for incorrect responses). Panels D and E show all the possible Response Modes used in in-person (panel D) and online
(panel E) versions of the HLJT. The Foot and Bimanual groups used the keys ‘S’ and ‘L’ of the keyboard (left and right respectively). The Foot group responded on an
external keyboard placed on the floor from which all keys but ‘S’ and ‘L’ had been removed. The Bimanual group used the index finger of their corresponding hand on
the same external keyboard placed on the desk. The Bimanual group in the online version used the same paradigm as in-person, but on the computer’s keyboard. The
Left-hand and Right-hand groups used the index and middle fingers placed over the ‘G’ and ‘H’ keys (left and right respectively) on the computer’s keyboard.

and 95% Credible Intervals (95%CrI). Additionally, descriptive statistics
from sample data (mean and SD) are presented in Supplementary
Materials.

Accuracy and reaction time were analysed separately. First, trials
where reaction time was < 300 ms or > 3,000 ms were discarded. While
most HLJT studies have employed cut-off procedures of this type, there
is no consensus in the literature on the exact thresholds used. Previous
thresholds have ranged from 300-500 ms for the lower cutoff and
3,500-10,000 ms for the higher cutoff (Bek et al., 2022; Blasing et al.,
2013; Brady et al., 2011; Cocksworth & Punt, 2013; Conson et al., 2020;
Davis et al., 2024; de Vries et al., 2013; Ionta et al., 2007; Ter Horst
et al., 2010). We decided to use the threshold of 300 ms because this is
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on the lower end of the cutoffs used in the previous literature, and as
information processing is likely incomplete at this stage, any correct
responses at such short times would be most likely due to chance or
considered anticipatory. Regarding the 3,000 ms threshold, we chose it
based on a recent meta-analysis (Jones et al., 2021) showing reaction
times are around 1,500 + 500 ms (mean + SD). Therefore, we expected
responses largely up to 3,000 ms (mean + 3*SD), and the threshold was
chosen based on these expectations.

For accuracy, the proportion of correct responses for each unique
stimulus for each participant, after averaging across repetitions, was
obtained. For reaction time, the mean time for each unique stimulus was
considered only for the trials with correct responses. The measure of the
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‘biomechanical constraints’ effect was the difference between the mean
reaction time of medially vs. laterally rotated stimuli (Fig. 1C).

Separate models for the in-person and online datasets were first
created and analysed. Then, data from the two Bimanual groups (i.e., in-
person and online) were combined and analysed, to further validate the
equivalence of online version of the task with its in-person counterpart.

Statistical modelling was performed with multilevel models (i.e.,
mixed-effects models), considering by-participant random intercepts
using the ‘brms’ package (Biirkner, 2017). These models were applied
with a Gaussian identity likelihood for reaction time and a zero-and-one
inflated Beta likelihood for accuracy (as it allowed the proportion of
correct responses to be in the range 0-1 including both 0 s and 1 s in the
distribution) (Liu & Eugenio, 2018). The full model was always of type
‘y ~ Group*Angle*Laterality*View + (1|Participant)’, where Group was a
between-subject factor representing different Response Modes (for
comparisons within the same version of the study) or setting (for com-
parisons between the in-person and online versions).

For the ‘biomechanical constraints’ effect, a subset of the data
considering only trials where this effect could be present (i.e., rotations
in the lateral (45°, 90°, 135°) and medial (225°, 270°, 315°) directions)
was used. The full model was ‘Reaction Time Group*-
Direction*Laterality*View + (1|Participant)’, where the effect of interest
was the Group * Direction interaction, or further higher-order in-
teractions including these factors. The biomechanical constraints effect
was therefore analysed by collapsing across the three rotation angles for
each direction.

All models were run with weakly informative priors for all the beta
parameters. For reaction time, this was a normal distribution of mean =
0 and SD = 300 ms, whereas accuracy models were run with a normal
distribution of mean = 0 and SD = 1 on the logit scale. The same applied
for the ‘biomechanical constraints’ models for reaction time. Default
(uniform) priors were used for the remaining parameters. All models
were run with 10 chains of 5,000 iterations each (1,000 warmup itera-
tions per chain) for an overall post-warmup of 40,000 iterations to
inform the posterior distribution. Model fit was assessed by visually
inspecting posterior predictive checks and trace plots, and R? values at
convergence (R? < 1.01 was considered appropriate). More details on
the Bayesian models used can be found in Supplementary Materials.

For hypothesis testing, we used Bayesian Model Averaging to obtain
the inclusion Bayes Factor (BFj,.) for including each given effect or
interaction, or against (BF;) including it (Hinne et al., 2020). BFj, were
obtained by bridge sampling (Gronau et al., 2017) using the ‘bayestestR’
package (Makowski et al., 2019). If evidence was found for a given effect
of Response Mode, or an interaction of Response Mode and other factors,
post-hoc comparisons were performed as equivalence tests considering a
Region of Practical Equivalence (ROPE) of 0.1*SD of the outcome var-
iable (Kruschke, 2018). Equivalence tests were run to examine evidence
in favour of the null hypothesis of equivalence (BFy;), or the alternative
hypothesis of non-equivalence (BFjg), always with equal-prior factor
coding (Morey & Rouder, 2011). For post-hoc comparisons not
involving Response Mode, point-null hypothesis testing was used. BFs
for post-hoc comparisons were obtained via the Savage-Dickey density
ratio. All BFs were interpreted following established benchmarks,
considering ‘no’ evidence, ‘anecdotal’, ‘moderate’, ‘strong’, ‘very strong’
and ‘extreme’ evidence if the BF was ~1, 1-3, 3-10, 10-30, 30-100 and
> 100, respectively (Andraszewicz et al., 2015; Jeffreys, 1998). Bayes
factors are presented in relation to the null (BFy;) or alternative (BFig)
hypothesis.

Results
In-person version
Overall, 1.35 4+ 0.27 % (mean + SD) of trials in the HLJT were

rejected due to extremely short (< 300 ms) or long (> 3,000 ms) reac-
tion time. The mean time to complete the task was 17 m3s+1m 26.4s.
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There was evidence against including a main effect of Response Mode or
interactions between this factor and other terms for reaction time, ac-
curacy and the ‘biomechanical constraints’ effect. Therefore, we first
present results collapsing across groups, but we also report them sepa-
rately (see below for details).

Accuracy:

Overall, 15,153 valid trials were analysed. Only extreme evidence
for including a main effect of Angle was found (BFj,c = 1.47x10%4
Fig. 2A), explained by a decrease in accuracy with stimulus rotation,
reaching its minimum value at the highest absolute rotation (180°).
Pairwise comparisons are shown in Table 2. Extreme evidence against
including all the remaining main effects and interactions was found
(BFp; > 6849.32).

Reaction time:

Overall, 13,109 valid trials were analysed. There was extreme evi-
dence for including the main effects of Angle, and View, and an inter-
action between them (BFipc = 3.21x10'38, BFj,. = 3.17x10'7 and BFjp. =
5.8x10'7, respectively). Evidence against including a main effect of
Laterality, or two-way and three-way interactions was very strong (BF¢;
> 35.71). There was evidence against including interactions of these
factors with Response Mode.

The main effect of Angle was explained by an increase in reaction
time with stimulus rotation (Fig. 2B, see Table 2 for pairwise compari-
sons), reaching the longest reaction time at the maximum absolute
rotation (180°). The main effect of View was explained by palmar views
(mean = 1038.69 ms [979.97, 1096.95] 95%CrlI) being faster than
dorsal views (mean = 1066.09 ms [1007.54, 1124.87]), with incon-
clusive evidence for the difference not being 0 (difference = -27.4 ms
[-57.8, 6.71], BF1p = 1.16).

The interaction between Angle and View suggested the presence of
the ‘biomechanical constraints’ effect (Fig. 2C). Post hoc-analyses
examined this separately for palmar and dorsal views. Data for palmar
views was consistent with a ‘biomechanical constraints’ effect, with the
lateral rotations (45-135°) being slower than their medial counterparts
(225-315°). Pairwise comparisons showed extreme evidence for a dif-
ference in each comparison (45° vs 315°: BF;g = 840.01; 90° vs 270°:
BF1o = 1.48x10% 135° vs 225°: BFqg = 1.91x10'!). By contrast, there
was no evidence for a ‘biomechanical constraints’ effect for dorsal views,
with moderate evidence in favour of the null hypothesis for each com-
parison (45° vs 315°: BFy; = 4.17; 90° vs 270°: BFy; = 8.70; 135° vs
225°: BF01 = 7.04).

Biomechanical constraints effect:

When considering only trials that could be affected by biomechanical
constraints (i.e. pooling data for ‘lateral’ and ‘medial’ stimuli while
excluding 0° and 180° rotations), a total of 10,053 valid trials were
available for analysis. Extreme evidence for including a main effect of
Direction (BFjpc = 5.1x1023), along with a Direction x View interaction
(BFjnc = 7.49x10'°) were found. Moderate evidence for including a main
effect of Laterality (BFi,. = 6.39) and strong evidence for including a
Direction x Laterality interaction was found (BFj,. = 11.72). Strong
evidence for including a three-way Direction x View x Laterality inter-
action (BFj,. = 15.38) was also found.

The main effect of Direction was explained by lateral directions
being slower than medial directions, consistent with the ‘biomechanical
constraints’ effect (lateral: 1079.38 ms [1019.64, 1137.92]; medial:
968.66 ms [910.30, 1027.83]; difference =-111 ms [-136, —86.8], BFqq
= 3.55x1 06). This effect was critically conditioned on View (Fig. 2D), as
for dorsal views, there was strong evidence in favour of the null hy-
pothesis of the difference being 0 (difference = -15.4 ms [-50.7, 19.1],
BFy; = 12.99), whereas for palmar views there was extreme evidence for
a difference not being 0 (difference = -205.8 ms [-240.6, —172.3], BFyq
= 1.55x10%%). Stimulus laterality weakly conditioned the effect, as the
difference was greater for right hands than for left hands (right = -124
ms [-158, —88.7], BFjp = 4.62x106; left =-97.4 ms [-132, —62.7], BFo
= 6.12x10%). The three-way interaction revealed more marked ‘biome-
chanical constraints’ for right palmar (difference = -218.56 ms [-267.8,
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Fig. 2. Results of the in-person (N = 40) version of the Hand Laterality Judgement Task. Panels A and B show the Accuracy and Reaction Time measures by Rotation
Angle and View. Panel C shows the ‘biomechanical constraints’ effect (medial vs lateral difference in milliseconds) for the corresponding pairs of angles. Panel D
shows the ‘biomechanical constraints’ effect collapsed across angles, split by View and Laterality. Individual data points are shown per participant (in panels C and D
this was achieved by building a separate mixed-effects model with random slopes per participant).

—170.3], BF19 = 1.1x10%) than left palmar (difference = -193.08 ms
[-243.2, 147.0], BF1o = 1.56x107), whereas for dorsal views, neither
side showed evidence for a biomechanical effect (right = -29.54 ms
[-77.0, 19.9], BFy; = 7.52; left = -1.57 ms [-50.4, 47.8], BFy; = 14.93).

Effects of Response Mode:

The main results are shown in Fig. 3. For accuracy, extreme evidence
against including a main effect of Response Mode was found (BF;
5.68x108), as well as interactions including this factor (BFy; =
3.64x10%). Accuracy was comparable between the Foot Group (mean =
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86.66 % [82.39, 90.33]) and the Bimanual Group (mean = 87.06 %
[82.6, 90.88]), with strong evidence in favour of equivalence (BFy; =
20.83; ROPE = 0 + 3.42 %).

For reaction time, there was very strong evidence against including a
main effect of Response Mode (BFy; = 32.26), and very strong to
extreme evidence against including two-way, three-way, or four-way
interactions (BFp; > 83.33, BFp; > 1.46x10° and BFg; > 1.32x10%%,
respectively). The Foot Group (mean = 979.47 ms [898.86, 1061.71])
was faster than the Bimanual Group (mean = 1125.32 ms [1044.06,
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Table 2

Bayes Factors in favour of the null hypothesis of a zero difference (BFy;; in bold)
or the alternative (BF;o) hypothesis for the pairwise comparisons between
neighbouring Angles for Accuracy (%) and Reaction Time (milliseconds) in the
Hand Laterality Judgement Task.

Comparison In-person version Online version
Reaction Time Accuracy Reaction Accuracy
Time
0° vs 45° BFg; = 2.48 BFo; = 9.35 BFo; = 1.35 BFo1 = 4.74
45° vs 90° BF;o = 59.11 BFp; =1.73  BFjo = BFo; = 2.26
3.13x10°
90° vs 135°  BFyo = BFjo = 1.39 BFyo = BFjo =
1.49x10° 1.44x10° 111.46
135° vs 180° BFio = BFi0 = 21.60 BFio = BFo; = 8.06
2.45x10* 5.55x10*
180°vs225°  BFjo = BFjo = BFyo = BFyo =
2.39x10'® 5.96x10* 7.2x10%° 1.96x10°
225° vs 270° BFio = BFip = BFip = BFo; = 2.63
6.91x10° 227.97 2.01x10°
270°vs315°  BFjo = 265.02 BFy; = 9.8 BF;o = BFp, = 6.8
879.18

1206.25]), with moderate evidence in favour of non-equivalence (BFq
= 3.78; ROPE = 0 + 31.27 ms).

For the ‘biomechanical constraints’ effect model, evidence for
including a Response Mode x Direction interaction was inconclusive but
favoured the null hypothesis (BFy; = 1.46). The ‘biomechanical con-
straints’ effect was present in both groups (Foot = -89.5 ms [-124,
—55.5], BFjp = 3.58x103; Bimanual = -132 ms [-166, —96.9], BF;o =
6.83x10°), with moderate evidence for equivalence (BFy; = 4.9). Evi-
dence against including interactions with View or Laterality was mod-
erate (BFp; = 5.29 and BFj; = 4.52, respectively). Evidence against
three-way interactions involving Response Mode, or a four-way inter-
action, was strong to extreme (BFy; > 52.63 and BFy; = 30581.04,
respectively).

Online version

Overall, 4.36 + 3.04 % of trials were rejected due to extremely short
(< 300 ms) or long (> 3,000 ms) reaction time. The mean time to
complete the task was 22 m 22 s + 5 m 40 s. Evidence against including
an effect of Response Mode was found in terms of accuracy and the
‘biomechanical constraints’ effect, as well as evidence against higher-
order interactions in these models. For reaction time, evidence for
including a main effect of Response Mode, and a Response Mode by
View interaction was found (see below for details).

Accuracy:

Overall, 22,036 valid trials were analysed. Extreme evidence for
including the main effect of Angle (BFj,. = 5.95x10%2), a main effect of
View (BFjp. = 2.4x104), and their interaction (BFj,. = 4.4x104) was
found. Extreme evidence against including a main effect of Laterality
(BFg1 = 2.08x10%) was found.

The main effect of Angle was driven by accuracy generally
decreasing with stimulus rotation (Fig. 4A; see Table 2 for pairwise
comparisons). The main effect of View was explained by strong evidence
in favour of the palmar views being more accurate than the dorsal views
(palmar: 89.78 % [85.89, 93.1]; dorsal: 88.4 % [84.63, 91.7]; BF1y =
18.47). The interaction between Angle and View was explained by the
effect of Angle being stronger for dorsal views compared to palmar views
at the comparisons 90° vs 135°, 135° vs 180° and 180° vs 225° (dorsal:
BF19 = 16.72; BF ¢ = 385.21; BF;g = 4.94x105; palmar: BFy; = 1.49;
BF109 = 2.05; BF19 = 5.03, respectively).

Reaction time:

Overall, 19,544 valid trials were analysed. Extreme evidence for
including the main effects of Angle (BFjy. = 2.76x10187), View (BFjc =
9x10°%) and Laterality (BFj,c = 551.26), for their two-way interactions
(Angle x View: BFj,. = 1.69x1033, Angle x Laterality: BFj,c = 1030,

99

Neuroscience 572 (2025) 93-107

Laterality x View: BFjp. = 1030) and for a three-way interaction (BFj,. =
1380) was found.

The effect of Angle was explained by an increase in reaction time
with stimulus rotation (Fig. 4B, see Table 2 for pairwise comparisons),
reaching the longest reaction time at the maximum absolute rotation
(180°). The effect of View was explained by dorsal stimuli showing
longer reaction time than palmar stimuli (dorsal: 1223.21 ms [1148.21,
1298.78]; palmar: 1178.04 ms [1101.81, 1253.97]; BF;o = 3200). The
effect of Laterality was explained by left stimuli showing longer reaction
time compared to right stimuli (left: 1229.23 ms [1154.24, 1306.47];
right: 1172.02 ms [963.0, 1248.16]; BF;o = 5.49x10%). Critically, the
interaction between Angle and View was consistent with the ‘biome-
chanical constraints’ effect (Fig. 4C). Post-hoc analysis for palmar views
indicated that lateral rotations (45-135°) were slower than their medial
counterparts (225-315°). Pairwise comparisons showed extreme evi-
dence for the difference not being 0 at each rotation angle (45° vs 315°:
BFy0 = 263.55; 90° vs 270° BFjo = 9.67x108; 135° vs 225° BF;q =
3.46x10'%). Further post-hoc analysis identified that this effect did not
appear for dorsal views, with anecdotal to strong evidence in favour of
the null hypothesis (45° vs 315°: BFg; = 2.58; 90° vs 270°: BFy; = 10;
135° vs 225°: BFy; = 13.51).

Biomechanical constraints effect:

The model analysed 14,868 valid trials. There was extreme evidence
for including a main effect of Direction (BFj,. = 3.34x1 033), as shown by
medial rotations (mean = 1126.22 ms [1049.06, 1203.21]) being faster
than lateral rotations (mean 1233.66 ms [1155.83, 1310.36]),
consistent with the ‘biomechanical constraints’ effect (difference = -107
ms [-128, —86.7], BF1o = 8.03x10®). This effect was critically condi-
tioned on View, as shown by extreme evidence of including a Direction
x View interaction (BFjpc = 5.09x10'%), whereby the difference was only
present for palmar views (difference = -197.6 ms [-226.5, —168.0],
BF1p = 9.8x10'3) and not for dorsal views (difference = -17.2 ms [-46.7,
11.9], BFp; = 11.49). Evidence for including a Direction x Laterality
interaction was also extreme (BFiyc = 9.61x10°), whereby the medial vs
lateral difference was larger for right hands (difference =-117 ms [-146,
—88.6], BF1g = 4.79x1 0°) than for left hands (difference = -98 ms [-127,
—68.9], BF19 = 5.29x1 04). Extreme evidence for including a three-way
interaction (Fig. 4D) was also found (BFj,. = 1.23x106), showing that
for dorsal views, evidence against biomechanical constraints was
stronger for left hands (difference = 2.21 ms [-38.9, 43.17), BFy; =
17.85) than right hands (difference = -36.74 ms [-77.4, 3.99], BFy; =
3.76). In the palmar view, the effect was comparable between sides
(right =-196.7 ms [-238.1, —156.11, BF1o = 6.12x105; left = -198.39 ms
[-239.6, —157.41], BFyo = 6.96x10°).

Effects of Response Mode:

The main results are shown in Fig. 5. For accuracy, extreme evidence
against including a main effect of Response Mode (BFg; = 4.08x10%) was
found. In fact, the overall accuracy was 89.31 % [85.56, 92.54] for the
Bimanual Group, 89.2 % [85.59, 92.34] for the Left-hand group and
88.77 % [84.62, 92.32] for the Right-hand Group. Evidence for equiv-
alence was found (Bimanual vs Right-hand: BFy; = 15.38; Bimanual vs
Left-hand: BFy; = 25.64; Right-hand vs Left-hand: BFy; = 15.87; ROPE
=0 =+ 1.62 %). Extreme evidence against including all possible two-way
or three-way interactions including Response Mode (BFy; > 2.68x10°),
and the four-way interaction (BF; = 4.59x1023) was found.

For reaction time, evidence for including a main effect of Response
Mode was extreme (BFjyc = 1.66x10%). Evidence in favour of equiva-
lence was moderate comparing the Left-hand Group and the Bimanual
Group (BFp; = 4.51, ROPE = 0 + 38.9 ms). However, the Right-hand
Group was slower than the other two groups (Right-hand: 1364.03 ms
[1234.43, 1491.26]; Left-hand: 1115.60 ms [988.68, 1245.60];
Bimanual: 1122.24 ms [995.66, 1248.29]), and evidence of non-
equivalence was moderate comparing the Right-hand Group and the
Bimanual Group (BFj¢ = 9.32), and strong comparing the Right-hand
Group and the Left-hand Group (BF;jp = 11.74). Response Mode only
interacted with View (BFjp. = 3140), but not with Angle (BFy; = 4.51)
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Fig. 3. Comparison of the Foot and Bimanual Response Modes (N = 20 each) of the in-person version of the Hand Laterality Judgement Task. Panels A and B show
the Accuracy and Reaction Time measures by Rotation Angle and View. Panel C shows the ‘biomechanical constraints effect’ (medial vs lateral difference in mil-
liseconds) for the corresponding pairs of angles. Panel D shows the ‘biomechanical constraints’ effect collapsing across angles but splitting by View and Laterality.
Individual data points are shown per participant (in panels C and D this was achieved by building a separate mixed-effects model with random slopes per participant).

and Laterality (BFy; = 4.51). Extreme evidence against including three-
way and four-way interactions was found (BFy; > 3.57x1 0%. The
interaction between Response Mode and View was driven by evidence of
non-equivalence between the groups being stronger (i.e. the Right-hand
group responding more slowly) for the dorsal views (Right-hand vs
Bimanual: BF;o = 28.46; Right-hand vs Left-hand: BF;¢9 = 30.42) than
the palmar views (Right-hand vs Bimanual: BF;o = 2.71; Right-hand vs
Left-hand: BFqo 3.69). Evidence for equivalence between the
Bimanual and Left-hand group did not change across views (dorsal: BFy;
= 4.95; palmar: BFy; = 4.90).
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For the ‘biomechanical constraints’ model, very strong evidence
against including a Response Mode x Direction interaction (BFg;
90.91), as well as a three-way interaction with View (BFy; = 50) or
Laterality (BFp; = 1029.87), or a four-way interaction (BFy; =
19493.18) was found. The medial vs lateral difference was present in all
groups (Left-hand = -92.9 ms [-129, —57.5], BF1p = 2.9x10%; Bimanual
-139.2 ms [-175, —103.9], BFyy = 4.69x106; Right-hand = -90.0 ms
[-126, —54.8], BF1o = 1.51x10%). The magnitude of the ‘biomechanical
constraints effect” was equivalent between groups, with moderate to
strong evidence in favour of the null hypotheses (Bimanual vs Left-hand:
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Fig. 4. Results of the online (N = 60) version of the Hand Laterality Judgement Task. Panels A and B show the Accuracy and Reaction Time measures by Rotation
Angle and View. Panel C shows the ‘biomechanical constraints effect’ (medial vs lateral difference in milliseconds) for the corresponding pairs of angles. Panel D
shows the ‘biomechanical constraints’ effect collapsing across angles but splitting by View and Laterality. Individual data points are shown per participant (in panels
C and D this was achieved by building a separate mixed-effects model with random slopes per participant).

BFy; = 5.29; Bimanual vs Right-hand: BFy; = 4.37; Left-hand vs Right-
hand: BF01 = 55.56).

Comparison of in-person and online versions (bimanual groups)

Socio-demographic characteristics were similar across the two
Bimanual groups (age: BFy; = 2.54; sex: BF;o = 1.38), as well as MIQ-3
scores (Total: BFy; = 1.17; Kinesthetic: BFy; = 2.59; Internal Visual:
BFo; = 1.73; External Visual: BF1¢p = 2.6). In the HLJT, rejection rates

101

were similar for the online group compared to the in-person group
(online = 2.03 + 3.55 %, in-person = 1.54 + 1.54 %, BFy; = 2.84). The
overall time to complete the task was slightly longer for the online group
than the in-person group (online = 21 m 30 s + 5 m 27.6 s, in-person =
17 m42s+1m17.4s; BFjp = 9.17).

For accuracy (Fig. 6A), 15,086 trials were analysed. Extreme evi-
dence against including a main effect of Group, and two-way, three-way
or four-way interactions including this factor was found (all BFy; >
6.06x109). In fact, overall accuracy showed moderate evidence of
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per participant).

equivalence (in-person = 87.77 % [83.54, 91.37], online = 88.46 %
[84.5, 91.86], BFy; = 6.17; ROPE = 0 + 1.66 %).

For reaction time, 13,250 trials were analysed. Very strong evidence
against including a main effect of Group (Fig. 6B), and higher-order
interactions including this factor was found (all BFy; > 5.37x10%).
Overall, the reaction time was equivalent across the groups (in-person =
1128.35 ms [1018.9, 1235.87], online 1114.05 ms [1006.75,
1224.12], BFy; = 5.16; ROPE = 0 + 34.77 ms).

For the ‘biomechanical constraints’ effect, 10,142 trials were
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analysed (Fig. 6D). Extreme evidence against including a Group x Di-
rection interaction was found (BFy; = 47.62). In fact, the effect was
similar across versions (in-person: —132 ms [-166, —96.9]; online =
-139.2 ms [-175, —103.9]), with very strong evidence for equivalence
(BFp; = 34.48; ROPE = 0 + 32.54). Extreme evidence against including
the interactions of Group with View, Laterality, the three-way interac-
tion and the four-way interaction was found (all BFy; > 28.57).
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Fig. 6. Comparison of the in-person and online Bimanual groups (N = 20 each) of the Hand Laterality Judgement Task. Panels A and B show the Accuracy and
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corresponding pairs of angles. Panel D shows the biomechanical constraints effect collapsing across angles but splitting by View and Laterality. Individual data points
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Discussion

This study developed an open-source version of the HLJT for both in-
person and online use. The study found that a bimanual Response Mode
was largely equivalent to responding with the feet in a lab setting. In
addition, the bimanual Response Mode in an online version was prac-
tically equivalent to its in-person counterpart. Both versions reproduced
the classical behavioural effects of this task, including the ‘biomechan-
ical constraints’ effect. Finally, the comparison between bimanual and
unimanual Response Modes showed only a general increase in reaction
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time in the group responding with the right hand relative to responding
bimanually or with the left hand (which were equivalent). This effect
was slightly stronger for the dorsal view, did not interact with any other
factors of the task, and was not present for accuracy nor affected the
‘biomechanical constraints’ effect.

Developing a standardized Hand Laterality Judgement task

Standardisation of key parameters remains an unaddressed challenge
in the field of motor imagery, specifically in terms of assessment
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measures. This not only applies to the HLJT, but a variety of methods
(Suica et al., 2022). While we do not advocate for the use of our specific
paradigm in all future studies (as some decisions were made based on
feasibility or reliability considerations), we hope to partially address this
issue. By providing an open-source resource with reasonable default
choices but allowing flexibility for future studies (see below), we hope to
contribute to creating a common framework for researchers and clini-
cians interested in using the HLJT.

A wide variety of paradigms have been employed regarding the
HLJT. This includes different manipulations of the two main factors of
rotation angle and hand view. Some studies have used up to 12 different
rotations (i.e. increments of 30°) (Cocksworth & Punt, 2013) or as few as
4 (i.e. increments of 90°) (Conson et al., 2020; Saimpont et al., 2009).
Most studies use a number in-between these extremes, usually 6 (de
Vries et al., 2013; lonta et al., 2007) or 8 angles (Brady et al., 2011;
Mibu et al., 2020). We decided to use 8 different rotations (i.e. in-
crements of 45°) to maintain the balance between using enough angles
to identify a clear slope from 0° to 180°, while reducing the overall
number of trials required and therefore the overall time to complete the
task. With this paradigm, we could distinctly detect both the main
rotation effect for accuracy and reaction time, but also the ‘biome-
chanical constraints’ effect at each specific rotation, in a task that lasted
around 20 min overall.

The literature has been highly heterogeneous in the use of different
hand views in the HLJT. In the first well-known description of the task,
Parsons used only hand drawings of backs and palms of the hands
(Parsons, 1987). Subsequently, other studies incremented the variability
in this parameter by introducing rotations in the horizontal axis. For
example, a ‘thumb’ view or a ‘pinkie’ view have been used, as well as
intermediate rotations in-between (Meng etal., 2016; Vannuscorps
et al., 2012). In fact, the effect of hand view is still controversial, as most
studies suggest that the ‘biomechanical constraints’ effect is only found
in the palmar view and not in the dorsal view (Conson et al., 2020; Meng
etal., 2016; Mibu et al., 2020), which is clearly consistent with our
present results. However, some work suggests that rotation in the hor-
izontal axis is necessary to detect a ‘biomechanical constraints’ effect,
which was not observed with simple rotations in the frontal axis in either
view (Ter Horst et al., 2010). For the development of our proposed task,
we decided to maintain the ‘traditional’ palmar-dorsal paradigm to keep
consistency with most of previous studies. This paradigm clearly iden-
tified a ‘biomechanical constraints’ effect for the palmar view and found
strong evidence for its absence in the dorsal view. We interpret this in
line with a growing body of research suggesting that the palm and the
back of the hand may be processed using different cognitive strategies,
and that only the palm of the hand may trigger motor imagery-based
processing (Conson et al., 2021; Nagashima et al., 2019).

Several technical parameters of the HLJT paradigm used in this study
were fixed or chosen based on feasibility and reliability. For instance, we
decided to include a practice block with all the stimuli to allow the user
to familiarise themselves with the task. We consider this will be helpful
for future applications, specifically for clinical uses, as it will aid in-
dividuals to understand how the task works with minimal explicit su-
pervision by the researcher or clinician, which in our case was necessary
for the online version. Regarding the decision of providing feedback on
accuracy on a trial-by-trial basis, we chose to include this in the test
blocks as we anticipated it would enhance the engagement in the remote
version of the task. To maintain consistency across versions, we used the
same procedure in the lab. We note that other implementations of the
HLJT have differed in their provision of feedback, with some studies
giving trial-to-trial information (Dalecki etal., 2012) and others
providing no feedback (e.g. (Cocksworth & Punt, 2013; Ionta etal.,
2007)). While we gave trial-to-trial feedback in the present study, our
code provides the option for the user to decide whether to provide trial-
to-trial feedback for their specific implementation of the task. Beyond
this, we note that the present results are highly consistent with those
found in the previous literature, see for example our reaction time and
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accuracy data compared with a recent meta-analysis (Jones et al., 2021).
But see also the other previous studies referenced. This suggests that the
procedures used in the present study, including the provision of trial-to-
trial feedback, provide results that generalize well to the task as
implemented across the previous literature. We believe this may be a key
parameter to consider in future studies, as it provides participants with
online information during the task that allows them to adjust their
performance if necessary. In addition, we decided to keep the image on-
screen until a response was provided, as restricting the time that the
participant has to process the stimulus would have limited the gen-
eralisability of the paradigm to populations which are generally slower
than our sample of young, healthy individuals (e.g. older people or
people with neurological disorders). In addition, we decided to use 12
repetitions per unique stimulus. A common rule of thumb in behavioural
experiments is to include 8-10 repetitions (Matthews, 2011), but we
decided to add more given the remote nature of some of the compari-
sons, as we expected some participants would not be doing the task as
focused as if they were in the lab. Finally, we decided to allow partici-
pants to have a break between test blocks and resume the task at their
discretion (with a minimum break of 10 s). This, in turn, could explain
why the online version took longer than the in-person version, as par-
ticipants may have taken longer breaks in the latter. We made this de-
cision to reduce potential effects of fatigue in future applications and
maintain engagement.

We are aware that the specific paradigm used in the present study,
though sensible for our purposes, may not meet all the requirements of
future uses. For instance, in the clinical field such a task could likely
induce fatigue in some individuals and therefore a shorter paradigm
might be preferred, whereas a neuroscience study might want to include
more rotation angles or different hand views, or might prefer not to
provide feedback in the test trials, modify the number of repetitions, etc.
Therefore, the task that we publicly share has been modified to allow the
user to choose between all these possibilities. At the time of writing, the
in-person task has some predefined parameters that can be selected with
a mouse click at the beginning of the experiment, including technical
considerations such as language (English, Spanish and French are
currently supported, and users could add their own translations),
whether to include a practice block or not, whether to provide feedback
in test blocks or not, the duration of this feedback (0.3 s, 0.5 s, 0.8 s and
1 s are available) and the number of repetitions per unique stimulus (12,
8 and 4 are available). Furthermore, the user can select specific pa-
rameters of the HLJT, such as the number of rotational angles (4, 6, 8
and 12 are currently available) and the hand views (palmar, dorsal or
both). We have set sensible defaults for all these parameters, but
changing the defaults is as simple as changing the order of the options in
the experiment settings. Furthermore, the range of options for these and
other parameters could be easily extended without extensive program-
ming requirements, thanks to PsychoPy2's capabilities (Peirce et al.,
2019). We hope all the above options will allow a wide range of uses in
future studies and applications.

The use of the HLJT in online studies and the use of the hands to respond to
the task

Recent advancements in software development have allowed us to
leverage the use of online platforms for collecting potentially more
representative data, on a larger scale and in a shorter period of time
(Bridges et al., 2020; Helms et al., 2021; Johnson et al., 2022). We
aimed to translate this development into the field of motor imagery
research by testing an online version of the HLJT. Previous work had
suggested a confound with responding to the task with the hands would
impede to use this Response Mode in the task, as the use of the same
effector could interfere with information processing (Cocksworth &
Punt, 2013). This would have limited the development of an online
HLJT, which requires participants to respond on their own keyboard,
and therefore was addressed in this study as part of the development
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procedure.

Our findings, nonetheless, were consistent with the idea that a
manual Response Mode does not meaningfully interfere with this task.
In the in-person version, we found evidence for equivalence between
feet and bimanual responses in terms of accuracy and the ‘biomechan-
ical constraints’ effect, and evidence against higher-order interactions
with all other factors. We only observed moderate evidence for non-
equivalence in terms of reaction time (the Bimanual group being
approximately 50 ms slower than the Foot group across all conditions,
without interactions between Response Mode and other factors). We
consider this is the main ‘effector confound’ of using the hands to
respond, as reaction times are generally faster in manual responses than
foot responses in other tasks (Simonen etal., 1995). This effect is
consistent with previous work showing longer reaction times for manual
responses compared to responding verbally (Cocksworth & Punt, 2013),
though they found much larger differences (around 280 ms). As they
used unimanual Response Modes, which arguably represent a more
complex paradigm than responding bimanually, this may explain the
different magnitude of the effects. Both studies coincided with the
absence of interactions of Response Mode with the rotation angle and
hand view, and although Cocksworth & Punt observed lower accuracy
for manual responses, the effect was small (difference ~ 2 %). We did
not find such an effect (between-group difference < 1 %), probably
because we used equivalence tests instead of null-hypothesis signifi-
cance testing. Based on our results, we believe the ‘effector confound’
arguably does not represent a meaningful difference which should pre-
vent to use bimanual responses in the task.

When comparing different bimanual and unimanual Response
Modes, we found an unexpected result. The group responding with their
right-hand showed generally longer reaction times than the other two
groups. This partially contradicts previous findings suggesting that both
unimanual Response Modes were similar (Cocksworth & Punt, 2013).
Two (potentially interacting) reasons may explain this behaviour. First,
responding to this task with two fingers of one hand is arguably more
complex than responding with one finger of each hand, which is a more
intuitive method. Therefore, a relative slowness in the two unimanual
groups was expected compared to the Bimanual group. However, both
unimanual groups should have responded similarly, which was not the
case. Our (speculative) interpretation relates to the second possible
source of this effect; as all participants in our study were right-handed,
they most likely were comparing their dominant hand to the observed
stimuli while making the laterality judgements (i.e. they compared the
orientation of the stimulus with their dominant hand, then judged if it
could be congruent or not to make the right/left decision). There is
previous evidence suggesting this effect may be present in the HLJT (Ni
Choisdealbha et al., 2011). In the Left-hand group, this did not generate
any conflicts between the processing of the stimulus and the response, as
they were responding with their non-dominant hand. However, for the
Right-hand group, a conflict might have arisen, as the hand used for the
visual comparison was the same as the one used to provide the response.
The fact that the effect was stronger for the dorsal stimuli further sup-
ports this idea, as the dorsal view of the hand is thought to trigger more
visual than motor processing, perhaps because we are more familiar
with seeing the back of our hands (Blasing et al., 2013; Zapparoli et al.,
2014). Notably, we did not find a corresponding effect for the Bimanual
group, who also used their right-hand. We therefore speculate that a
possible interaction between these effects may have been present;
requiring participants to perform the more complex unimanual version
of the task with their right hand may have interfered with the ability to
compare their own right hand with the on screen stimulus.

Aside from the findings discussed above, all other comparisons
across Response Modes provided strong evidence for equivalence,
including all accuracy models and the ‘biomechanical constraints’ ef-
fect. While future studies should consider the above-mentioned partic-
ularities, we believe that for the purpose of applying the HLJT in applied
and online contexts, these findings generally support the use of
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bimanual and unimanual responses in this task.
Strengths and limitations

This study has some limitations. First, we did not investigate the
differences between manual and verbal Response Modes, which have
been also used in previous studies. We decided to compare a bimanual
mode against a foot mode, as these are physically more similar than
responding verbally, and this allows to rule out the possibility that
slowness due to manual responses can be attributed to the response
command simply reaching the effector more quickly. In addition, the
feasibility of using hand and foot Response Modes in the task is higher as
reaction times from button presses are unambiguous, whereas vocal
responses require more training to prevent hesitations or pauses. Simi-
larly, the accuracy of a response from a button press is immediately
available allowing rapid feedback, whereas for vocal responses this is
not currently possible. Future researchers could build upon our current
open-source experiment to implement a vocal response version, if
needed.

Second, as part of the study was run fully online, we were not able to
assure participants in the unimanual groups were not using the
contralateral hand to facilitate performance, as we did not explicitly
instruct them what they could or could not do with it. However, given
that most evidence indicated equivalence across Response Modes in this
version, as well as comparing online and in-person versions, we believe
the instructions given were specific enough to obtain reliable estimates
in this case. In the future, more explicit guidance could be incorporated.

Third, in the in-person version of the task, the sample was composed
of mostly females in the bimanual group, and this can influence HLJT
performance (Conson et al., 2020). Therefore, this introduces a potential
limitation, as we did not include sex as a covariate in any of the analyses
because it was beyond the scope of this paper, and we had an unequal
distribution between the groups.

Finally, we did not include a control task with non-biological stimuli,
to further establish whether the slowdown in processing that was
observed is specific to the HLJT or a general pattern also shown in other
mental rotation tasks. As we were mostly interested in the ‘biome-
chanical constraints’ effect, and it would not be present in non-
biological stimuli (Bek et al., 2022), we decided not to include such a
control task, as it would have doubled the time needed to complete the
experiment, potentially compromising the feasibility of the online
version of the task.

An open-source, freely available Hand Laterality Judgement Task
was developed for in-person and online use. The task reproduced
established phenomena of this paradigm, both in-person and remotely,
and across different Response Modes. For the in-person version, evi-
dence for equivalence between a foot and a bimanual Response Mode
was found in terms of accuracy and the ‘biomechanical constraints’ ef-
fect. While reaction times were slightly longer in the bimanual group, we
found evidence against related higher-order interactions. For the online
version, evidence for equivalence between the bimanual and left-hand
responses was found for all measures, whereas longer reaction times
were found for the Right-hand responses, predominantly for the dorsal
view of the hand. Evidence against all other higher-order interactions
was found. Evidence of equivalence between the two bimanual groups,
in-person and online, was also observed. We conclude that both in-
person and online versions reliably replicated key behavioural effects
in the HLJT, providing a standardized (but also highly customizable)
version of the paradigm that can be readily applied in future studies.
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