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SUMMARY

A hallmark of human intelligence is rapid adaptation to changing environments. Yet the link between senso-
rimotor recalibration to new physical conditions and cognitive updating of internal models remains unclear.
We addressed this using altered gravity as a model system. In a within-subject study, 25 adults completed
a virtual-reality task requiring motor adjustment to non-terrestrial gravities and an online problem-solving
task requiring physical reasoning under matched gravity manipulations. Adaptability in each domain was
computed relative to performance under terrestrial gravity. We reveal consistent individual differences in
adaptability within the sensorimotor domain and the cognitive domain. We also found a significant correlation
across the domains. Participants who better adjusted their movements under altered gravity also more effec-
tively modified their reasoning strategies. Findings support embodied cognition theory, indicating a close
coupling between physical interaction and high-level reasoning. The study raises the possibility that training

sensorimotor recalibration may enhance abstract reasoning and vice versa.

INTRODUCTION

From the unpredictable landscapes of planet Earth to the unfa-
miliar physical laws in outer space, humans must learn to adapt
to changes in local conditions.” This adaptability is critical for
survival and proper function as even the most foundational and
automatised actions (e.g., reaching or walking) should be modi-
fied to suit physical demands (e.g., obstacles in the path or
changes in gravity). Adaptability underscores the interplay be-
tween humans’ physical capabilities and the cognitive pro-
cesses that enable them to thrive in diverse and sometimes
adverse conditions.?

Adapting to new physical environments requires humans to re-
calibrate their sensorimotor behavior to deal with altered physical
laws, unfamiliar terrains, and other environmental changes.®”
For example, adults and infants modify their locomotor strategies
and gait patterns when crossing terrains with varied height, slant,
width, deformability, and friction.2~'° Similarly, when confronted
with altered gravitational forces, adults use a sophisticated reca-
libration process, adjusting balance, muscle control, and coordi-
nation to maintain functionality.*''~"® This recalibration has been
shown to rely on perceptual adjustments’*'®

Nevertheless, adaptation extends beyond mere sensorimotor
recalibration'®; adaptability also encompasses a critical cognitive
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process of recalibrating the mental representation of the environ-
ment,”'®"'8 in which previous experiences are harnessed to pre-
dict the outcomes of potential motor acts.'® Discrepancies be-
tween prediction and actual sensory feedback lead to motor
adjustments.?°~?? For instance, when an individual learns to navi-
gate different terrains, sensory receptors provide feedback on
the body’s movements, which the brain uses to modify motor
output to maintain stability and prevent falling.'®2°° In this expe-
rience, humans also learn to recalibrate cognitively and recalibrate
the internal representation of the environment to align with the al-
terations in local conditions,*2° although they occasionally
perform poorly in such tasks.*® Importantly, while “sensorimotor
recalibration” refers to adjusting motor actions and control param-
etersin response to immediate sensory feedback and altered envi-
ronmental constraints,®'*> “abstract physical reasoning” involves
using internal cognitive models to anticipate outcomes and solve
problems without direct motor action. Thus, sensorimotor recali-
bration focuses on fine-tuning movement execution under novel
physical conditions, whereas abstract physical reasoning engages
higher-level cognitive processes thatoss represent and predict
how objects will behave.**¢

Yet, despite the importance of adaptability in daily life, the
question of the extent to which sensorimotor adaptations are
linked to cognitive adaptations is still open. Are individuals
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Figure 1. Experimental procedure and tasks
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(A) lllustration of the experimental design, which included 2 stages. Participants first completed a lab session in which they completed the adaptable basketball
task in a VR environment. Then, they completed the virtual tools task online at home.

(B) The adaptable basketball game (sensorimotor task). Participants wore a VR headset and played a game of throwing a ball into a basket on different planets
with a variety of gravities: Earth (baseline), Moon (low gravity), Venus (mid-low gravity), Neptune (mid-high gravity), and Jupiter (high gravity). Adaptability was
measured for each participant by comparing their performance in each planet to their baseline performance on “Earth.”

(C) Virtual tools game (cognitive task). Participants played an online game in which they had to bring the red object into the green area using one of the three blue
shapes on the top right side (“tools”). Once the initial scene appears (left box), the participant had to select a tool (second-left box), place it in the scene (third-left
box). Once the tool was placed, all the objects in the scene would act according to the laws of physics based on a specific gravity. Therefore, to succeed in the
task, participants must reason about the future outcome when they place the tool. Participants played games that included a variety of environments (see all in
Figure S2) and in three different gravities—terrestrial gravity, low gravity (half terrestrial gravity), and high gravity (double terrestrial gravity).

who excel in recalibrating their motor actions to new physical en-
vironments also more adept at recalibrating their internal repre-
sentations? The answer is important for understanding whether
adaptation is a domain-specific process. If sensorimotor adapt-
ability and internal representation are linked, it will support the-
ories that advocate for an embodied, domain-general perspec-
tive on adaptability. These theories suggest that our knowledge
about how the world works is deeply rooted in our physical ex-
periences.®’° Alternatively, if sensorimotor adaptability and
cognitive adaptability are not linked, it would suggest that the
mechanisms underlying those two types of adaptability are inde-
pendent within the human cognitive architecture. This would
align with modular theories of mind, proposing a domain-spe-
cific model in which cognitive processes underlying adaptability
are based merely on information processing.“®~*?

2 iScience 29, 114343, February 20, 2026

Here, we hypothesize that sensorimotor and cognitive adapt-
ability are intertwined, so individual differences in the capacity
to adjust movements physically match individual differences in
the ability to mentally simulate actions in new environments
(Figure 1A). To test this hypothesis, we used altered gravity
as a model system to test motor and cognitive adaptations.?**
Adult participants completed two tasks. The first task aimed
to test adults’ ability to adjust their motor actions in “Adaptable
Basketball”—a virtual reality (VR) task where they had to
throw a ball into a basket on different virtual planets with altered
gravities (Figure 1B). To succeed, participants must modify
their movements from moment to moment—adjust throwing
strength, release angle, release position, and hand gesture—
to fit the demands of altered gravity. For example, if gravity is
higher than terrestrial gravity, participants had to make more
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Figure 2. Sensorimotor adaptation

(A) Participants’ overall percentage of successful trials in the adaptable
basketball task for each gravity (planet), separated by different distances (1 -
closest, 4 — furthest; see STAR Methods). For trial-by-trial performance, see
Figure S1.

(B) Clustering based on SMAs’ similarity among participants. Left panel shows
the similarity matrix based on participants’ SMA scores in all the gravities (see
STAR Methods). The dark gray squares show high similarity among partici-
pants within clusters. Clusters represented by the red and blue squares. The
right panel shows the average SMAs for each gravity per cluster. Individual
data points represent individual subjects. Error bars represent standard error.

extreme movements and use a lot of strength to increase
velocity so their ball would reach the basket. In contrast, if
gravity is lower than terrestrial gravity, participants had to
make small and delicate movements and use less strength to
control the velocity so their ball would not “fly” beyond the
location of the basket. We measured adaptability by calculating
a sensorimotor adaptability index, which compares partici-
pants’ success in altered gravities to their success in terrestrial
gravity.

The second task tests adults’ ability to modify their mental rep-
resentation of their actions. The same participants completed
an online reasoning task— “Virtual Tools.”***° The Virtual Tools
task includes games that require participants to apply knowl-
edge from their internal representation to anticipate changes in
the environment and object-to-object interactions without per-
forming physical movement (Figure 1C). We manipulated the
gravity in these games to examine how participants adapt their
internal representation. Similar to the VR task, we calculated a
cognitive adaptability index, which compared success in altered
gravity to success in terrestrial gravity. If our hypothesis is cor-
rect that motor and cognitive adaptabilities are linked, then indi-
vidual differences in the sensorimotor adaptability index will
correspond to individual differences in the cognitive adaptability
index.
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RESULTS

Participants completed M = 91.08% of the Adaptable Basketball
task trials (SD = 10.72). Trials that were not completed were due
to technical issues in grasping and throwing the ball. Participants
completed all the Virtual Tools games. Preliminary analyses
showed no effect of gender, ps > 0.31, so it was collapsed in sub-
sequent analyses. In addition, one-way ANOVA across multiple
Virtual Tools games confirmed no significant difference in perfor-
mance across games, F(25,39) = 2.05, p = 0.08; therefore, we
collapsed data across games in further analysis.

Individual differences in sensorimotor adaptability
Participants were successful in the Adaptable Basketball task in
M =55.36% (SD = 25.07) of the trials in terrestrial gravity (base-
line block), and an average of M = 39.39% (SD = 31.03) in altered
gravities (adaptability blocks). Figure 2A shows participants’
percent of successful trials in each one of the planets and the
different distances (for participants’ performance trial-by-trial
within each block, see Figure S1). A 4 (gravities) x 4 (distances)
repeated-measures ANOVA confirmed main effect of gravity,
F(4, 240) = 16.56, p < 0.01, main effect of distance, F(3, 240) =
67.47, p < 0.01, and near-significant interaction, F(12, 240) =
1.79, p = 0.05. Sidak-corrected pairwise comparisons on dis-
tance confirmed that the percent of successful trials significantly
increased with shorter distances, ps < 0.03. In addition, Sidak-
corrected pairwise comparisons on gravity confirmed lower suc-
cess in the low- and mid-low gravities compared to the baseline,
mid-high, and high gravities, ps < 0.02.

When examining the correlations between participants’
sensorimotor adaptability indices (SMAs; see STAR Methods)
across gravities, we found that SMAs were significantly corre-
lated, ps < 0.05, except for the correlation between the mid-
high gravity and high gravity, suggesting individual differences
in sensorimotor adaptability are consistent across environments
(see Table S1 for all correlations). We used a data-defined clus-
tering procedure to group participants according to the similarity
of their SMAs and identified two clusters (Figure 2B, left panel;
see STAR Methods for procedure details). We labeled one clus-
ter “sensorimotor adapters” (n = 15; 60% of the dataset)
because those participants had relatively low SMAs across grav-
ities, indicating a small difference in performance during the
adaptability blocks compared to the baseline block. We labeled
the second cluster “sensorimotor non-adapters” (n = 10; 40% of
the dataset; Figure 2B, right panel) because participants in that
cluster had high negative SMAs in all gravities, indicating a sharp
decline in performance during adaptability blocks compared to
baseline. Importantly, the groups did not significantly differ in
their baseline performance (Magapters = 52.30% SDagapters =
18.80, Mnon-adapters = 58.69, SDnon-adapters = 16.70; £(23) = 1.04,
p = 0.30), suggesting that the differences between the groups
are less likely to be driven by motivation.

Individual differences in cognitive adaptability

In the Virtual Tools task, participants succeeded in solving the
games in M = 73.79% (SD = 13.18) of the baseline games, M =
83.77% (SD = 16.67) of the low-gravity games, and M = 85.71%
(SD = 16.49) of the high-gravity games (Figure 3A). A one-way
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Figure 3. Cognitive adaptation

(A) Participants’ overall percentage of successful trials in the Virtual Tools task
for each gravity—baseline, low g, and high g (see STAR Methods). Error bars
represent standard errors.

(B) Clustering based on CAs’ similarity among participants. Similar to
Figure 2B, the left panel shows the similarity matrix based on participants’
CA scores in low and high gravity (see STAR Methods). The dark gray squares
show high similarity within clusters, which are represented by the red and blue
squares. Clusters were identical to the clusters found based on the SMA
analysis. The right panel shows the average CAs for each gravity per cluster.
Individual data points represent individual subjects. Error bars represent
standard error.

(C) Individual differences in adaptability correlated across domains. The cross-
domain adapters are marked in red dots, and the cross-domain non-adapters
are marked in blue. Error bars represent standard errors.

repeated-measures ANOVA confirmed a main effect of gravity,
F(2, 48) = 6.68, p < 0.01. Sidak-corrected pairwise comparisons
confirmed a significant difference between the baseline gravity
and the altered gravities, ps < 0.04, but not between the two
altered gravities, p = 0.92.

Similar to sensorimotor adaptability, we found that partici-
pants’ cognitive adaptability indices (CAs; See STAR Methods)
were correlated across gravities r(23) = 0.46, p < 0.02, suggest-
ing that individual differences in cognitive adaptability as consis-
tent across simulated environments. We took a similar clustering
approach and grouped participants by using their CA indices in
low- and high-gravity as input to the clustering procedure (see
STAR Methods). We identified two clusters (Figure 3B, top
panel). One cluster was labeled as “cognitive adapters” (n =
15; 60% of the dataset) because participants in this cluster
had high CAs in the low and high gravities, indicating strong
cognitive adaptability skills. The second cluster was labeled
“cognitive non-adapters” and included participants with diffi-
culties in adapting (n = 10; 40% of the dataset; Figure 3B, right
panel). Similar to the groups we identified based on the SMAs,
the CA-based groups did not significantly differ in their baseline
score (Madapters = 81.01% SDadapters = 11.04, Mnon—adapters =
69.12%, SDron-adapters = 14.01; 1(23) = 1.91, p = 0.08), suggesting
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that the differences between the groups are less likely to be
driven by motivation.

Sensorimotor adaptability is associated with cognitive
adaptability

To test cross-domain adaptability, we compared the overlap
between the sensorimotor clusters and the cognitive clusters.
We found 100% overlap between the sensorimotor adapters
and the cognitive adapters, and between the sensorimotor
non-adapters and the cognitive non-adapters (see participant
numbers in Figures 2B and 3A).

Participants’ average SMA (averaged across low, mid-low,
mid-high, and high gravities) was significantly correlated with
their average CA (averaged across low and high gravities),
r(23) = 0.61, p < 0.01. Figure 3C shows the correlation between
adaptability in the two domains and participants’ labels accord-
ing to their sensorimotor/cognitive groups.

DISCUSSION

In this study, we used altered gravity to investigate the link be-
tween sensorimotor adaptability and cognitive adaptability.
Gravity profoundly affects motor behavior because it dictates
the basic parameters within which physical forces operate.
Consequently, when engaged in motor tasks under conditions
of altered gravity, participants must recalibrate their movements
to meet the specific demands of their environment, as the altered
dynamics challenge their habitual motor patterns.?®?" Gravity is
also an important component in our cognitive reasoning about
physical interactions.”® In environments where gravitational
norms are disrupted, the usual cues used to predict object
behavior become unreliable, requiring individuals to adapt their
mental representations to maintain accurate predictions and
effective problem-solving strategies.”* Our findings suggest
that individual differences in adaptability are similar across envi-
ronments within the sensorimotor and cognitive domains (partic-
ipants who adapted well to one gravity also adapted well to
another gravity). Findings also show a significant correlation be-
tween the two domains. In other words, participants who adeptly
adjusted their motor actions to the altered gravitational forces
also demonstrated a superior ability to adapt their cognitive stra-
tegies under similar conditions.

The effects of variation in gravity

One unexpected finding in this study was that participants per-
formed better in the altered gravity conditions compared to the
baseline terrestrial gravity in the Virtual Tools task. While our pri-
mary focus was on measuring adaptability, we recognize that
the improved performance in altered gravity may be influenced
by factors other than cognitive adaptability to new gravitational
environments. Possible explanations include practice effects,
as participants became more familiar with the task mechanics
over time, potentially enhancing their performance in the later
blocks. Additionally, the novelty and increased engagement
associated with the altered gravity environments may have
heightened participants’ interest and motivation, positively
affecting their performance. There may also be other contrib-
uting factors. However, this study was designed to examine
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individual differences in adaptability, not to compare overall
group performance between terrestrial and altered gravity con-
ditions. The terrestrial gravity condition served as a baseline for
each participant, allowing us to measure adaptability relative to
their own performance under familiar conditions. Therefore,
while the overall improvement in performance under altered
gravity is noteworthy, it does not detract from our primary find-
ings regarding the relationship between sensorimotor and
cognitive adaptability at the individual level. Our results empha-
size the consistency of individual adaptability across different
domains and conditions, supporting the notion of a linked un-
derlying mechanism.

Importantly, not all Virtual Tools games may be equally influ-
enced by variations in gravity. Some tasks may rely heavily on
gravitational forces to alter object trajectories, timings, or im-
pacts, while others may be solved effectively with strategies
less sensitive to changes in gravity. In the current study, we
analyzed all games collectively, but we acknowledge that future
research could benefit from classifying tasks based on their
gravity sensitivity. By identifying and focusing on the subset of
games that show the greatest differences in solutions across
gravitational conditions, it may be possible to reveal even stron-
ger relationships between sensorimotor and cognitive adapt-
ability. Such an approach could help confirm that our observed
findings are indeed rooted in a shared adaptive mechanism
rather than being diluted by tasks in which gravity exerts minimal
influence.

The role of embodied cognition in adaptability
We propose that adaptability arises from the synergistic interac-
tion of the body, brain, and environment, and therefore, it is
rooted in the capacity to plan and control motor actions. This
stands in contrast to information-processing perspectives of
cognition,***** which focus on how mental representations
function as discrete constructs within the mind and control
how information is received, processes, and stored in’(ernally.47
Therefore, it largely disregards how the environment or bodily
states might influence or integrate into cognitive processes.”’

Our findings support the framework of embodied cognition,
which argues that cognitive processes are fundamentally inter-
twined with the body’s interactions with the physical environ-
ment.*® For example, the way humans physically interact with
objects affects their understanding of objects’ properties and
shapes their exploration, planning, and problem-solving strate-
gies.3*%5:87:49-52 Additionally, gestures during conversations do
more than accompany speech—they actively shape humans’
thoughts and the way they communicate.®® Research further
shows that embodied sensation and experience affect cognitive
processes such as understanding abstract concepts, emotion
connotation, language comprehension, or sense of agency and
ownership.>*°°

Within the embodied cognition framework, the association be-
tween the motor adaptability index and the cognitive adaptability
index raises the possibility that sensorimotor adaptation may
enhance abstract reasoning capabilities or vice versa. In both
tasks, participants were required to process visual information,
make decisions about the required responses, and carry out
those responses. However, the adaptable basketball task
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required a full embodied, whole-body motor calibration to the
altered virtual environment, whereas the virtual tools game
required an abstract, high-level reasoning calibration to the
altered gravity. While few studies showed that experts do not
necessarily have performance advantages in gravity-related
sensorimotor tasks,”” the question of directional influence be-
tween motor and cognitive adaptation remained open. Our study
did not directly explore such causal effects. Future research
should use longitudinal designs or experimental interventions
to manipulate sensorimotor experiences and observe subse-
quent changes in cognitive adaptability. Such research should
include longer training and retention sessions, which will inform
the development of integrated physical and cognitive training
programs that optimize human adaptability.

That said, while we have used the terms “sensorimotor adapt-
ability” and “cognitive adaptability” to distinguish between our
two tasks, this dichotomy oversimplifies the complex interplay
between sensorimotor and cognitive processes. As pointed
out by Morton and Bastian®® in their work on prism adaptation,
there can be significant generalization between seemingly
distinct domains of adaptation. Our VR basketball task, while
primarily focused on motor adaptation, undoubtedly involves
cognitive components such as strategy formation and error
detection. Conversely, the Virtual Tools task, while more explic-
itly cognitive, still involves sensorimotor interaction through the
user interface. The link between adaptability indices across
these tasks suggests a shared underlying mechanism of adapt-
ability, which may transcend traditional boundaries between
sensorimotor and cognitive domains. This perspective chal-
lenges the theoretical stove-piping of sensorimotor and cogni-
tive concepts, and aligns with more integrated views of human
adaptation and learning.** We suggest that future research will
explore whether training in one domain (e.g., abstract prob-
lem-solving) can enhance performance in another (e.g., sensori-
motor tasks), and to what extent the cognitive processes
involved in different adaptive tasks need to be equivalent for
such transfer to occur.

Relevance to embodied artificial intelligence

This study holds significant relevance for the Al and robotics
communities, which are keen on developing embodied models
that mimic human cognition. Previous research has introduced
computational models that encapsulate elements of cognitive
physical reasoning.*%*>°° However, a critical question remains:
Can such cognitive reasoning effectively translate to adaptive
behavior in Al systems?

We propose that by engaging with the environment in a
manner akin to human interaction, Al systems can learn and
adapt their behaviors in response to dynamic physical laws,
much like humans adjusting to altered gravity. Building Al sys-
tems that adjust like humans could lead to more intuitive and
context-aware robotic systems capable of more naturally navi-
gating and manipulating their environments.®>®" Taking such a
computational approach can also shed light on the mechanisms
underlying our findings. For example, one crucial factor that
could explain the observed correlation between sensorimotor
and cognitive adaptability is the shared underlying process of
learning from errors.®"%? Both motor and cognitive adaptation
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likely rely on the ability to recognize discrepancies between ex-
pected and actual outcomes, judge why there was a failure,
and recalibrate accordingly. Perceptual adaptation and motiva-
tion may also play roles in this correlation. Incorporating compu-
tational models that simulate these processes, alongside exper-
imental approaches, could help disentangle the contributions of
these various factors and provide a clearer picture of the mech-
anisms driving adaptability in both domains.

Limitations of the study

While our findings support a link between sensorimotor adapt-
ability and cognitive adaptability, they do not inherently rule out
alternative theoretical positions. While we have interpreted the
results through an embodied cognition framework —suggesting
that cognitive adaptability is intimately linked to one’s capacity
for motor planning and control—other interpretations remain
plausible. For example, a modular perspective could argue that
abstract physical reasoning is largely encapsulated within a
cognitive system that can inform sensorimotor responses down-
stream. In this view, the observed correlation might reflect a
shared learning signal or error-detection mechanism, where
cognitive representations adapt first and guide motor behavior,
rather than a direct, bidirectional coupling between motor and
cognitive processes. Thus, our findings invite further inquiry
regarding the definitive distinction between embodied and
modular accounts. Future studies that manipulate training in
one domain and measure transfer to the other, or that use neuro-
imaging to identify overlapping neural substrates of adaptability,
will be necessary to clarify the causal relationships and the mech-
anistic nature of the observed association.

Another potential explanation is that “sensorimotor adapters”
were simply more motivated or attentive participants. If this
were the main reason for their adaptability, we would expect
these individuals to outperform others uniformly, including on
the baseline terrestrial gravity trials. However, the defining
feature of these participants was their ability to adjust effectively
to altered conditions, not just their baseline performance. More-
over, their consistent adaptability across multiple distinct grav-
ities suggests a stable underlying capacity rather than momen-
tary engagement. Because we did not include direct measures
of motivation (e.g., physiological indicators, self-reported
effort), we propose that follow-up studies would employ such
methods to more definitively separate motivational influences
from genuine sensorimotor-cognitive integration. By doing so,
we can ensure that observed individual differences in adapt-
ability are not merely a product of differences in effort or
attention.

Moreover, our measure of sensorimotor adaptability focused
on within-session recalibration rather than the longer-term
learning processes often associated with sensorimotor adapta-
tion.®"3%:5% | ong-term paradigms involve repeated sessions to
demonstrate persistent adaptation and subsequent after-effects
when returning to baseline conditions. In contrast, our experi-
ment utilized a relatively small number of trials (20 per gravity
condition) and did not include a return-to-baseline test, making
it less suited to assess long-term adaptation or retention.
Thus, our study design cannot completely disentangle sensori-
motor recalibration and sensorimotor adjustments. Neverthe-
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less, our aim was not to capture the entirety of the sensorimotor
adaptation process, but rather to measure individual differences
in the ability to recalibrate actions in the face of novel and tran-
sient physical constraints. Therefore, our current interpretation
of the results does not rely on whether the adaptability we are
capturing is a rapid adjustment or slower recalibration. Future
research should employ longer training periods, retention tests,
and return-to-baseline assessments to more fully characterize
the time course and durability of sensorimotor adaptations
across changing physical conditions.
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sion numbers are listed in the key resources table.

® All analysis codes are publicly shared on GitHub. Accession numbers
are listed in the key resources table.

® Other materials, including the stimuli of the Adaptable Basketball game
code in Unity, are shared on GitHub. Accession numbers are listed in
the key resources table.

ACKNOWLEDGMENTS

We thank Karen E. Adolph and the NYU Infant Action Lab for supporting and
providing the space for collecting the VR data. We thank Ruben Zamora for help-
ing with the online data collection. This work was supported by the ESRC New
Investigator grant ES/W009242/1, BA Talent Award TDA21\210038, Waterloo
Foundation grant 917-4975, Leverhulme Trust research grant RPG-2022-327,
and the Birkbeck/Wellcome Trust Institutional Strategic Support Fund to OO.

AUTHOR CONTRIBUTIONS

M.C. and O.0. provided the initial idea. M.C., D.H., and O.O. designed the ex-
periments. O.0. and M.C. carried out computer programming. M.C., D.H., and
0.0. carried out the experiments. M.C., O.0., and M.H. analyzed data. O.O.
drafted the initial versions of the article. M.C., D.H., M.H., and O.0O. completed
writing the article. All contributed to the conceptual analysis of the results. All
authors approved the final article for submission.

DECLARATION OF INTERESTS
The authors declare no conflict of interest.
STARxMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE

o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Participants

e METHOD DETAILS
o Procedure


mailto:ori.ossmy@bbk.ac.uk

iScience
Article

o Recording device
o Adaptable basketball task
o Virtual tools task

o QUANTIFICATION AND STATISTICAL ANALYSIS

o Sensorimotor adaptability
o Cognitive adaptability

o Clustering analysis

o Statistical analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.
2025.114343.

Received: August 22, 2024

Revised: December 20, 2024
Accepted: December 2, 2025
Published: December 5, 2025

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Uddin, L.Q. (2021). Cognitive and behavioural flexibility: neural mecha-

nisms and clinical considerations. Nat. Rev. Neurosci. 22, 167-179.

. Crevecoeur, F., Thonnard, J.-L., and Lefevre, P. (2020). A very fast time

scale of human motor adaptation: within movement adjustments of inter-
nal representations during reaching. eNeuro 7, 0149192019.

. Krakauer, J.W., and Mazzoni, P. (2011). Human sensorimotor learning:

adaptation, skill, and beyond. Curr. Opin. Neurobiol. 27, 636-644.

. Anglin, J., Saldana, D., Schmiesing, A., and Liew, S.-L. (2017). IEEE Virtual

Reality (VR) (IEEE), pp. 401-402.

. Harris, D.J., Buckingham, G., Wilson, M.R., Brookes, J., Mushtaq, F.,

Mon-Williams, M., and Vine, S.J. (2020). The effect of a virtual reality envi-
ronment on gaze behaviour and motor skill learning. Psychol. Sport Exerc.
50,101721.

. Franchak, J.M., and Adolph, K.E. (2014). Gut estimates: Pregnant women

adapt to changing possibilities for squeezing through doorways. Atten.
Percept. Psychophys. 76, 460-472.

. Saveko, A., Brykov, V., Kitov, V., Shpakov, A., and Tomilovskaya, E.

(2021). Adaptation in gait to lunar and martian gravity unloading during
long-term isolation in the ground-based space station model. Front.
Hum. Neurosci. 15, 742664.

. Adolph, K.E., and Hoch, J.E. (2019). Motor development: Embodied,

embedded, enculturated, and enabling. Annu. Rev. Psychol. 70, 141-164.

. Adolph, K.E., and Joh, A.S. (2009). In Learning and the infant mind, A.

Woodward and A. Needham, eds. (Oxford University Press), pp. 172-207.

Han, D., and Adolph, K.E. (2021). The impact of errors in infant develop-
ment: Falling like a baby. Dev. Sci. 24, €13069.

Bloomberg, J.J., Peters, B.T., Cohen, H.S., and Mulavara, A.P. (2015).
Enhancing astronaut performance using sensorimotor adaptability
training. Front. Syst. Neurosci. 9, 129.

Seidler, R.D., Mulavara, A.P., Bloomberg, J.J., and Peters, B.T. (2015). In-
dividual predictors of sensorimotor adaptability. Front. Syst. Neurosci.
9, 100.

Arshad, |., and Ferré, E.R. (2023). Cognition in zero gravity: Effects of non-
terrestrial gravity on human behaviour. Q. J. Exp. Psychol. 76, 979-994.

lturralde, P.A., and Torres-Oviedo, G. (2019). Corrective muscle activity re-
veals subject-specific sensorimotor recalibration. eNeuro 6, 358182019.

Cressman, E.K., and Henriques, D.Y.P. (2009). Sensory recalibration of
hand position following visuomotor adaptation. J. Neurophysiol. 702,
3505-3518.

Holekamp, K.E., Swanson, E.M., and Van Meter, P.E. (2013). Develop-
mental constraints on behavioural flexibility. Philos. Trans. R. Soc. Lond.
B Biol. Sci. 368, 20120350.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

¢? CellPress

OPEN ACCESS

lonescu, T. (2012). Exploring the nature of cognitive flexibility. New Ideas
Psychol. 30, 190-200.

Smith, M.L., Gosselin, F., and Schyns, P.G. (2012). Measuring internal rep-
resentations from behavioral and brain data. Curr. Biol. 22, 191-196.
Haith, A.M., and Krakauer, J.W. (2013). Progress in Motor Control: Neural,
Computational and Dynamic Approaches (Springer), pp. 1-21.
Shadmehr, R., and Krakauer, J.W. (2008). A computational neuroanatomy
for motor control. Exp. Brain Res. 185, 359-381.

Pekny, S.E., Izawa, J., and Shadmehr, R. (2015). Reward-dependent mod-
ulation of movement variability. J. Neurosci. 35, 4015-4024.

Jorges, B., Hagenfeld, L., and Lépez-Moliner, J. (2018). The use of visual
cues in gravity judgements on parabolic motion. Vision Res. 149, 47-58.
Harvey, C., Selmanovi¢, E., O’Connor, J., and Chahin, M. (2021). A com-
parison between expert and beginner learning for motor skill development
in a virtual reality serious game. Vis. Comput. 37, 3-17.

Adolph, K.E. (2003). Learning to keep balance. Adv. Child Dev. Behav.
30, 1-40.

Mclntyre, J., Zago, M., Berthoz, A., and Lacquaniti, F. (2001). Does the
brain model Newton’s laws? Nat. Neurosci. 4, 693-694.

Schyns, P.G., Gosselin, F., and Smith, M.L. (2009). Information processing
algorithms in the brain. Trends Cogn. Sci. 13, 20-26.

Johnson, H.M., and Seifert, C.M. (1999). Modifying mental representa-
tions: Comprehending corrections. In The construction of mental repre-
sentations during reading, H. van Oostendorp and S.R. Goldman, eds.
(Lawrence Erlbaum Associates Publishers), pp. 303-318.

Pozzo, T., Papaxanthis, C., Stapley, P., and Berthoz, A. (1998). The senso-
rimotor and cognitive integration of gravity. Brain Res. Rev. 28, 92-101.
Goswami, N., White, O., Blaber, A., Evans, J., van Loon, J.J., and Clement,
G. (2021). Human physiology adaptation to altered gravity environments.
Acta Astronaut. 7189, 216-221.

Zago, M., and Lacquaniti, F. (2005). Internal model of gravity for hand inter-
ception: parametric adaptation to zero-gravity visual targets on Earth.
J. Neurophysiol. 94, 1346-1357.

Shadmehr, R., Smith, M.A., and Krakauer, J.W. (2010). Error correction,
sensory prediction, and adaptation in motor control. Annu. Rev. Neurosci.
33, 89-108.

Brand, M.T., and de Oliveira, R.F. (2017). Recalibration in functional
perceptual-motor tasks: A systematic review. Hum. Mov. Sci. 56, 54-70.
Allen, K.R., Smith, K.A., and Tenenbaum, J.B. (2020). Rapid trial-and-error
learning with simulation supports flexible tool use and physical reasoning.
Proc. Natl. Acad. Sci. USA 117, 29302-29310.

Allen, K.R., Smith, K.A., Bird, L.A., Tenenbaum, J.B., Makin, T.R., and
Cowie, D. (2023). Lifelong learning of cognitive styles for physical prob-
lem-solving: The effect of embodied experience. Psychon. Bull. Rev. 317,
1364-1375.

Grandchamp des Raux, H., Ghilardi, T., Soderberg, C., and Ossmy, O.
(2024). The role of action concepts in physical reasoning: insights from
late childhood. Phil. Trans. B 379, 20230154.

Smith, K.A., Mei, L., Yao, S., Wu, J., Spelke, E., Tenenbaum, J.B., and Ull-
man, T.D. (2019). Modeling expectation violation in intuitive physics with
coarse probabilistic object representations. Adv. Neural Inf. Process.
Syst. 32.

Wilson, M. (2002). Six views of embodied cognition. Psychon. Bull. Rev. 9,
625-636.

Barsalou, L.W. (2008). Grounded cognition. Annu. Rev. Psychol. 59,
617-645.

Matheson, H.E., and Barsalou, L.W. (2018). Embodiment and grounding in
cognitive neuroscience. In Stevens’ handbook of experimental psychol-
ogy and cognitive neuroscience, 3, S.L. Thompson-Schill and J.T. Wixted,
eds. (Wiley & Sons, Inc.), pp. 1-27.

Sternberg, S. (2011). Modular processes in mind and brain. Cogn. Neuro-
psychol. 28, 156-208.

iScience 29, 114343, February 20, 2026 7



https://doi.org/10.1016/j.isci.2025.114343
https://doi.org/10.1016/j.isci.2025.114343
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref1
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref1
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref2
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref2
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref2
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref3
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref3
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref4
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref4
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref5
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref5
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref5
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref5
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref6
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref6
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref6
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref7
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref7
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref7
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref7
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref8
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref8
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref9
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref9
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref10
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref10
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref11
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref11
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref11
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref12
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref12
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref12
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref13
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref13
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref14
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref14
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref15
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref15
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref15
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref16
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref16
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref16
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref17
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref17
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref18
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref18
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref19
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref19
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref20
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref20
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref21
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref21
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref22
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref22
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref23
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref23
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref23
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref24
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref24
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref25
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref25
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref26
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref26
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref27
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref27
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref27
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref27
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref28
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref28
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref29
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref29
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref29
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref30
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref30
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref30
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref31
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref31
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref31
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref32
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref32
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref33
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref33
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref33
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref34
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref34
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref34
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref34
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref35
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref35
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref35
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref36
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref36
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref36
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref36
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref37
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref37
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref38
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref38
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref39
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref39
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref39
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref39
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref40
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref40

¢? CellPress

41.

42,
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

8

OPEN ACCESS

Prinz, J. (2006). Is the mind really modular. In Contemporary debates in
cognitive science, 74, R.J. Stainton, ed. (Wiley-Blackwell), pp. 22-36.
Fodor, J. (1983). Modularity of Mind. (MIT Press).

Jorges, B., and Lépez-Moliner, J. (2017). Gravity as a strong prior: implica-
tions for perception and action. Front. Hum. Neurosci. 77, 259425.
Wolpert, D.M., Diedrichsen, J., and Flanagan, J.R. (2011). Principles of
sensorimotor learning. Nat. Rev. Neurosci. 12, 739-751.

Battaglia, F.P., Borensztajn, G., and Bod, R. (2012). Structured cognition
and neural systems: from rats to language. Neurosci. Biobehav. Rev. 36,
1626-1639.

Newell, A., and Simon, H.A. (1972). Human Problem Solving (Pren-
tice Hall).

Dietrich, E., and Markman, A.B. (2003). Discrete thoughts: Why cognition
must use discrete representations. Mind Lang. 78, 95-119.

Neupartl, N., Tatai, F., and Rothkopf, C.A. (2021). Naturalistic embodied
interactions elicit intuitive physical behaviour in accordance with Newto-
nian physics. Cogn. Neuropsychol. 38, 440-454.

Gibbs, R.W. (2005). Embodiment and Cognitive Science (Cambridge Uni-
versity Press).

Sommerville, J.A., Woodward, A.L., and Needham, A. (2005). Action expe-
rience alters 3-month-old infants’ perception of others’ actions. Cognition
96, B1-B11.

Wiesen, S.E., Watkins, R.M., and Needham, A.W. (2016). Active motor
training has long-term effects on infants’ object exploration. Front. Psy-
chol. 7, 599.

Needham, A. (2009). Learning in infants’ object perception, object-
directed action, and tool use. In Learning and the infant mind, A. Wood-
ward and A. Needham, eds. (Oxford University Press), pp. 208-226.
Hostetter, A.B., and Alibali, M.W. (2008). Visible embodiment: Gestures as
simulated action. Psychon. Bull. Rev. 15, 495-514.

Glenberg, A.M. (2010). Embodiment as a unifying perspective for psychol-
ogy. Wiley Interdiscip. Rev. Cogn. Sci. 7, 586-596.

Dewe, H., Gottwald, J.M., Bird, L.A., Brenton, H., Gillies, M., and Cowie, D.
(2022). My virtual self: the role of movement in children’s sense of embodi-
ment. |[EEE Trans. Vis. Comput. Graph. 28, 4061-4072.

Longo, M.R., Schur, F., Kammers, M.P.M., Tsakiris, M., and Haggard, P.
(2008). What is embodiment? A psychometric approach. Cognition 707,
978-998.

Vicovaro, M., Noventa, S., Ghiani, A., Mena, F., and Battaglini, L. (2021).
Evidence of weight-based representations of gravitational motion.
J. Exp. Psychol. Hum. Percept. Perform. 47, 1445-1471.

Morton, S.M., and Bastian, A.J. (2004). Prism adaptation during walking
generalizes to reaching and requires the cerebellum. J. Neurophysiol.
92, 2497-2509.

iScience 29, 114343, February 20, 2026

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

iScience
Article

Xu, K., Srivastava, A., Gutfreund, D., Sosa, F., Ullman, T., Tenenbaum, J.,
and Charles, A.S. (2021). A bayesian-symbolic approach to reasoning and
learning in intuitive physics. Adv. Neural Inf. Process. Syst. 34, 2478-2490.

Ossmy, O., Hoch, J.E., MacAlpine, P., Hasan, S., Stone, P., and Adolph,
K.E. (2018). Variety wins: Soccer-playing robots and infant walking. Front.
Neurorobot. 712, 19.

Ossmy, O., Han, D., MacAlpine, P., Hoch, J., Stone, P., and Adolph, K.E.
(2024). Walking and falling: Using robot simulations to model the role of er-
rors in infant walking. Dev. Sci. 27, e13449.

Seidler, R.D. (2004). Multiple motor learning experiences enhance motor
adaptability. J. Cogn. Neurosci. 16, 65-73.

Ossmy, O., Tam, O., Puzis, R., Rokach, L., Inbar, O., and Elovici, Y. (2011).
MindDesktop-Computer accessibility for severely handicapped (ICEIS),
pp. 316-320.

Fernandes, V.R., Ribeiro, M.L.S., Melo, T., de Tarso Maciel-Pinheiro, P.,
Guimaréaes, T.T., Araujo, N.B., Ribeiro, S., and Deslandes, A.C. (2016). Mo-
tor coordination correlates with academic achievement and cognitive
function in children. Front. Psychol. 7, 318.

van der Fels, I.M.J., Te Wierike, S.C.M., Hartman, E., Elferink-Gemser,
M.T., Smith, J., and Visscher, C. (2015). The relationship between motor
skills and cognitive skills in 4-16 year old typically developing children: A
systematic review. J. Sci. Med. Sport 18, 697-703.

Ossmy, O., and Mukamel, R. (2017). Using virtual reality to transfer motor
skill knowledge from one hand to another. J. Vis. Exp. 55965.

Ossmy, O., and Mukamel, R. (2016). Neural network underlying interma-
nual skill transfer in humans. Cell Rep. 717, 2891-2900.

Hancock, L., and Ossmy, O. (2024). Using data-driven approach to test the
link between physical activity and cognitive skills during aging. Preprint at
arXiv.

Grandchamp dex Raux, H., Ghilardi, T., and Ossmy, O. (2025). The Effects
of Rewards on Trial-And-Error Learning in School-Aged Children (SAGE
Publications Sage). 01650254251321423.

Redding, G.M., and Wallace, B. (2003). Dual prism adaptation: calibration
or alignment? J. Mot. Behav. 35, 399-408.

Likas, A., Vlassis, N., and J Verbeek, J. (2003). The global k-means clus-
tering algorithm. Pattern Recogn. 36, 451-461.

Ossmy, O., and Mukamel, R. (2018). Behavioral and neural effects of con-
gruency of visual feedback during short-term motor learning. Neuroimage
172, 864-873.

Hascher, S., Shuster, A., Mukamel, R., and Ossmy, O. (2023). The power of
multivariate approach in identifying EEG correlates of interlimb coupling.
Front. Hum. Neurosci. 17, 1256497.


http://refhub.elsevier.com/S2589-0042(25)02604-5/sref41
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref41
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref42
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref43
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref43
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref44
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref44
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref45
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref45
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref45
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref46
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref46
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref47
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref47
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref48
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref48
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref48
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref49
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref49
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref50
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref50
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref50
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref51
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref51
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref51
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref52
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref52
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref52
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref53
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref53
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref54
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref54
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref55
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref55
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref55
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref56
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref56
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref56
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref57
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref57
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref57
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref58
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref58
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref58
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref59
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref59
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref59
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref60
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref60
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref60
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref61
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref61
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref61
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref62
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref62
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref63
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref63
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref63
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref64
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref64
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref64
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref64
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref65
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref65
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref65
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref65
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref66
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref66
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref67
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref67
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref68
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref68
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref68
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref69
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref69
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref69
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref70
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref70
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref71
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref71
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref72
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref72
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref72
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref73
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref73
http://refhub.elsevier.com/S2589-0042(25)02604-5/sref73

iScience ¢? CellPress
OPEN ACCESS

STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Virtual Tools data This study https://github.com/Physical-Cognition-Lab/
Physical-Cognition-in-Altered-Gravity/tree/main/Data

Adaptable basketball video data This study databrary.org/volume/1524

Stimuli This study https://github.com/Physical-Cognition-Lab/Physical-Cognition-

in-Altered-Gravity/tree/main/AdaptableBasketbal_Unity

Software and algorithms

MATLAB 2019b Mathworks, Inc Mathworks.com
SPSS 29.0 SPSS Software https://www.spss.com
Scripts for analysis This study https://github.com/Physical-Cognition-Lab/

Physical-Cognition-in-Altered-Gravity/tree/main/Analysis

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants
Twenty-seven participants (7 males; mean age = 25.63 years; age range = 20.9-34.6 years) naive to the purpose of the experiment
were recruited through word of mouth. All participants provided written informed consent to participate in the study and received a
photo magnet and tote bag for participation. All participants had normal (or corrected to normal) vision. The study was approved by
the ethics committee of New York University. Two participants were excluded because they did not complete the Virtual Tools tasks.
Two participants were left-handed.

The central statistical test in our manuscript is the association between adaptability scores across domains. Based on previous
research examining relationships between motor and cognitive skills e.g.,.c*°® Using G*Power 3.1 (Erdfelder et al., 1996), we calcu-
lated that a sample size of 26 participants would be required to detect this effect with 80% power at o = 0.05 (two-tailed).

METHOD DETAILS

Procedure

The experiment has within-subject design and was split into two stages (Figure 1A). In the first stage, participants arrived at the NYU
Infant Action lab for a VR session to play the ‘Adaptable Basketball’ game. The study began by showing the VR headset to participants.
To motivate participants to wear the VR and allow them to get used to the VR experience, they played with the Oculus ‘First Contact’
tutorial demo which was designed as the entryway for the headset (https://www.youtube.com/watch?v=KKT3Z8LBn6s&ab_
channel=MetaQuest). The entire procedure for each participant can be found at Databrary: nyu.databrary.org/volume/1524. After
playing with the demo, participants completed the ‘Adaptable Basketball’ task where they threw a virtual ball into a virtual basket
in different ‘planets’ with altered gravity (Figure 1B). The study lasted for about 60 min.

The second stage of the experiment was conducted online after the VR session in the lab (M = 14 + 3 days after the first stage). We
sent all participants a link to an online physical reasoning task Virtual Tool Use; Figure 1C; https://www.bbk.ac.uk/psychology/e/xp/
269/258/1/,%7%° which they completed in their homes. After accessing the experiment link, participants were refreshed with informa-
tion about the experiment, an online consent form for conducting the second stage, and instructions on playing the game. Then, par-
ticipants completed all the games in a single session of approximately 45 min.

Recording device

We used Meta Oculus Rift headset and three external Oculus sensors as our virtual reality system (https://www.oculus.com/rift-s/;
released 2017). The VR session was also recorded using two external HD cameras at 30 fps from the right and left side views
(Figure 1B;°5%"). Videos of all participants are shared via Databrary (nyu.databrary.org/volume/1524) upon their approval of the con-
sent forms.

Adaptable basketball task

The Adaptable Basketball game consisted of 6 blocks. In each block, participants were asked to throw a virtual ball into a virtual bas-
ket under different gravitational conditions (Figure 1B). A virtual stand holding a ball was positioned close to participants’ dominant
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hand, and they were shown virtual hands that mirrored the movements of their real hands. Participants interacted with the virtual ball
by physically grasping the controller using a power grip, simulating a natural grasp. However, unlike a real ball, they did not release
the controller to throw the virtual ball. Instead, to simulate the act of releasing the ball, participants opened their palms while the
controller was still being held (using a strap), effectively mimicking the gesture of letting go of a real object. The complete throwing
action required participants to extend their arms and perform a full throwing motion as if they were holding an actual ball. Importantly,
if participants did not open their palms or if their arm movement was minimal, the virtual ball would not have been thrown. Thus, the
motion replicated the experience of throwing a physical ball, despite the controller remaining in their hand throughout the process.
Moreover, the size of the virtual basketball was intentionally designed to be smaller than a standard basketball, approximating the
size of a child’s ball. This decision was based on several factors including ergonomics (the smaller size allowed for comfortable one-
handed grasping, crucial for natural throwing mechanics in VR), integration with the VR Controller (the ball size was calibrated to be
more aligned with the VR controller dimensions than a standard basketball, enhancing the congruence between the physical and
virtual interactions), and object perception (objects in VR often appear smaller than in reality. Our chosen size compensated for these
perceptual discrepancies).

Besides practising with the tutorial demo, participants underwent a brief practice session in the adaptable basketball game before
starting the main task. During this practice, they were introduced to the mechanics of the VR environment and were explicitly
informed about the unique gravitational conditions of each virtual planet. Visual cues and instructions emphasised the need to adapt
to varying gravitational forces. As a result, participants were aware of the altered conditions from the start, and they had the neces-
sary context to begin recalibrating their movements immediately, even on the first trial. Therefore, all trials, including the first, were
included in our analysis as they reflect the full process of motor recalibration.

We used 5 different ‘planets’ and their real gravities (from low to high gravity): Moon (g = 1.62; low-gravity), Venus (g = 8.87; mid-low
gravity), Earth (9 = 9.81; terrestrial gravity), Neptune (g = 11.15; mid-high gravity), Jupiter (g = 24.79; high gravity). Each gravity re-
quires participants to adapt their throwing to achieve the goal. For each participant, the first block—‘baseline block’ —was on Earth,
to evaluate their baseline skills in the game. Then, participants played four additional blocks — ‘adaptability’ blocks —on different vir-
tual planets with altered gravities (Figure 1A). Each block consisted of one planet and the order of planets was counterbalanced
across participants. Participants were informed about the gravity of each planet (before and during the block), and the planets
were visually different in the virtual environment (Figure 1B).

The baseline block consisted of 50 trials, systematically arranged to assess performance across varying distances. Participants
played the first 15 trials with the virtual basket positioned at a 1-meter distance. This was followed by sets of 15, 10, and 10 trials
at distances of 2 m, 3 m, and 4 m, respectively. The adaptability blocks consisted of 20 trials each, with five trials per distance, iden-
tical to the order of the baseline block. The rationale for this design was 2-fold: the increased trial count in the baseline block aimed to
establish a robust baseline of participant performance, while the subsequent reduction in trials sought to minimize fatigue, ensuring
the integrity and reliability of the data. We did not interleave the distances because we did not want to add more variability to the
motor adjustments.

Virtual tools task

Our physical reasoning task is based on the ‘Virtual Tools’ framework®*—a digital gaming platform featuring a collection of two-
dimensional virtual environments, containing various virtual objects and shaded areas (Figure 1C). Although the design of the envi-
ronment differs from game to game, the objective for each game remained the same: participants were asked to select and place a
shape (‘tool’) to bring a red object into the green goal area (see Figure S2 for all games). The environment—initially static—becomes
dynamic once the tool is placed as the world physics gets activated (e.g., gravity).

Participants were allowed up to 12 attempts per game, without time constraints, to achieve this goal. Each game automatically
reverted to its starting configuration following an unsuccessful try. Successful completion advanced the participant to the subse-
quent game. We recorded the selected tool, its placement, timing, and the outcome of each attempt. Feedback on their performance
was provided to the participants visually through a green tick for success or a red cross for failure.

Participants started with two practice games under terrestrial gravity conditions to familiarize themselves with the gameplay me-
chanics. Following this, participants completed a ‘baseline’ block of twelve games with terrestrial gravity to evaluate their baseline
performance. Those were followed by two ‘adaptability’ blocks, each including seven games. One block included seven games with
low gravity (half terrestrial gravity) and the second block included seven games with high gravity (double terrestrial gravity). We
selected the games based on previous work®>~>° and our recent experiences®®°° using Virtual Tools. Drawing on these diverse data-
sets, we evaluated game difficulty in both altered and non-altered gravity conditions and selected sets of games that maintained
similar difficulty across baseline and adaptability blocks.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Sensorimotor adaptability
To measure participants’ sensorimotor adaptability, we calculated a Sensorimotor Adaptability index SMA per altered gravity g (low,
mid-low, mid-high, and high gravity) according to the following formula:

4 SRy — SRrg
SMAg _d=1 SHg:+SRTd

Where SRy is participants’ percentage of successful trials at distance d and altered gravity g (that is, the percentage of trials they
successfully threw the ball into the basket from the overall throws in the specific distance and gravity). SRy, is the participants’ per-
centage of successful trials at distance d in terrestrial gravity. In other words, sensorimotor adaptability was measured as the ratio
between participants’ success in scoring a basket in altered gravity and their success in scoring a basket in terrestrial gravity aver-
aged across distances.

We recognize the importance of capturing the dynamic nature of sensorimotor adaptability. However, given that participants were
prepared for the altered gravity from the first trial onward, our approach of including all trials focuses on providing a valid measure of
recalibration across the entire session, and not trial-by-trial motor adjustment, which was shown in the literature to be a distinct pro-
cess.*>’" Moreover, because the visual system is notoriously insensitive to accelerations downwards accelerations as gravities are
no exception,?; we performed extensive pilot studies to address concerns about participants’ perception of gravity differences.
Therefore, perceptual judgment of the altered gravity was not the primary focus of this study. Instead, our sensorimotor adaptability
measure inherently incorporated the participants’ recalibration to the altered environment, without isolating perceptual processes
from the broader sensorimotor response.

Cognitive adaptability
Additionally, similar to the Adaptable Basketball game, the order of the adaptability blocks and their altered gravities were random
across participants. Participants were informed about the gravity before and during each game. See Figure S2 for all the game
environments.

To measure participants’ cognitive adaptability, we assessed participants’ performance in each game by calculating their percent-
age of successful trials in the game. After determining participants’ performance, we calculated a Cognitive Adaptability index CA per
altered gravity g (low or high gravity), according to the following formula:

5
S
e§1 * _ ;0: 1 STe
CAy = —1 12
S
e§1 g ;0: 1 S‘Te
7 12

Where S is participants’ success at game environment e and altered gravity g. St is the participants’ success in the game envi-
ronment e in terrestrial gravity. In other words, cognitive adaptability was measured as the participants’ average performance across
games in altered gravity relative to their average performance across games in terrestrial gravity. Because the games were different
across gravities, we averaged the percentage of successful trials in each gravity separately.

Clustering analysis

To test consistency within each domain and its relation to performance across domains, we took a multivariate approach by exam-
ining whether participants could be sorted into groups based on their sensorimotor adaptability (measured by their SMA indices, one
for each gravity in the adaptable basketball task—low, mid-low, mid-high, and high), and cognitive adaptability (measured by their CA
indices, one for each gravity in the Virtual Tools task—Ilow and high). To that end, we used an unsupervised machine-learning pro-
cedure based on k-means clustering.ﬁ’73 With this procedure, the number of clusters is derived from the data, and we made no as-
sumptions about the number of clusters or the number of participants per cluster. More than one cluster of participants would sug-
gest multiple patterns of adaptability and that the adaptability of participants within a cluster is more similar to each other than the
adaptability of participants in other clusters.

To calculate the measures used for clustering, we first calculated the four SMAs (for clustering sensorimotor adaptability) and two
CAs (for clustering cognitive adaptability) in each gravity and each participant. Using the adaptability indices, we calculated the four-
dimensional (in case of sensorimotor adaptability) or two-dimensional (in case of cognitive adaptability) Euclidean “distance” be-
tween each pair of participants. If the distance between participants is low, the similarity between them is high, and vice versa.

Next, we ran a k-means clustering algorithm with the adaptability data as input. K-means clustering requires a pre-defined number
of clusters. Therefore, we ran the algorithm in multiple iterations with a number of clusters equal to 2 to 25. For each iteration, we
calculated the ratio between the average distance within clusters and the average distance across clusters (see Figure S3). The
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iteration with the maximal ratio determined the number of clusters identified. We visualised similarity among participants using a 25 x
25 similarity matrix in which cell i,j is the “distance” between participant i and participant j based on the input adaptability (either
sensorimotor or cognitive).

Our motivation for using clustering analysis was to gain additional insights into the structure of our data beyond correlation anal-
ysis. This multivariate approach allowed us to consider multiple dimensions of adaptability simultaneously, potentially revealing
patterns that might not be apparent in univariate analyses. Clustering can identify distinct subgroups within the sample with different
adaptability profiles across tasks, providing a more in-depth examination of individual differences in adaptability across both
domains.

Statistical analysis

Statistical analyses were conducted using SPSS and MATLAB. Prior to performing statistical tests, we checked the data for normality
(Shapiro-Wilk test) and homogeneity of variances (Levene’s test). In cases involving multiple comparisons, we employed the Sidak
correction in post-hoc analyses to control for the family-wise error rate. Adjusted p-values are reported, and the significance level
was set at a = 0.05 for all statistical tests unless otherwise specified. For correlation analyses that involved multiple comparisons,
we used the Bonferroni correction to adjust the significance threshold, ensuring that the probability of a Type | error remained
controlled across tests.
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