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Abstract

It has long been hypothesized that the nervous system uses the direction of gravity to align the various

sensory systems when interacting with the external world. In line with this hypothesis, systematic drift

in hand-path orientation was recently observed during targeted arm motions performed with eyes

closed in weightlessness or, on Earth, for longitudinal movements in a supine posture. No such drift

was observed in upright posture on Earth. But the precise conditions under which participants exhibit,

and the factors that influence the magnitude of the drift, are not yet known. The objective of our study

was to investigate if the upright posture, by virtue of being at a biomechanical singularity induced by the

force of gravity, represents a unique condition in which drift in hand-path orientation is prevented.

Human participants (male and female) performed sequences of repeated point-to-point arm move-

ments between two visual targets aligned with the longitudinal body axis, first with eyes open, then

with eyes closed. Participants performed these movements in various body orientations: seated

upright, and tilted backward at 45, 90, and 135°. We observed drift in hand-path orientation in the

eyes-closed condition when the body was tilted, but not when it was upright. The direction and rate

of drift were indistinguishable between the three tilted orientations tested (45, 90, and 135°). These

findings support the hypothesis that the upright posture is a unique configuration which facilitates

sensorimotor transformations and prevents drift in path orientation when the eyes are closed.

Key words: body tilt; gravity; motor control; targeted arm movements

Significance Statement

Drift in hand paths was investigated during point-to-point arm movements between remembered

targets in various body tilts. With eyes closed, drift occurred when the body was tilted with respect

to gravity but was prevented when in the upright posture. These observations indicate that the upright

bearing is a unique posture in which sensorimotor coordination is the most stable and consistent, sup-

porting recent hypotheses that maintaining the head upright is highly advantageous for stabilizing

visuomotor transformations.

Introduction
Simple arm movements such as reaching to a target require the central nervous system

(CNS) to compare the hand and target positions to produce appropriate motor commands.
These positions can be acquired via several sensory systems,mainly vision and propriocep-
tion, giving rise to redundant estimates that can be optimally combined based on the prin-
ciple of maximum likelihood estimation (MLE)—which requires the different estimates to be
expressed in a common reference frame (Pouget et al., 2002; Sober and Sabes, 2003;
Körding and Wolpert, 2004). When visuo-proprioceptive transformations are accurate, the
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MLE process will reduce noise, without introducing any specific bias. But if they are not, these transformations will introduce
bias between the two estimates, and the combined multisensory estimate will shift toward one representation or the other,
depending on the relative variance of each signal and the availability of each signal at any givenmoment. Therefore, one way
of limiting errors in the combined estimate is to calibrate the transformations between different sensory systems via a reliable
and common marker.
On Earth we can rely on gravity, a constant and ubiquitous signal—widely sensed by the body—that provides a common

cue which is thought to facilitate sensorimotor transformations (Paillard, 1971; Tagliabue and McIntyre, 2014; Opsomer
et al., 2025). A role of gravity in multisensory integration has indeed been highlighted by previous studies showing that
a head-gravity misalignment interferes with eye–hand coordination (Bernard-Espina et al., 2022), verticality perception
(Aubert, 1861; Mittelstaedt, 1983; Guerraz et al., 1998), or dynamic balancing (Vimal et al., 2017). Since most daily life
activities occur in an upright posture in which the body’s axis is aligned with gravity, this natural posture is the basis of
any sensorimotor interactions and is thought to elicit a state of enhanced alertness (Paillard, 1971).
In an upright posture, previous studies have shown that participants performing repetitive reaching arm movements

toward visual or proprioceptive targets can reliably move the hand in the correct direction when the hand is hidden
from view (Brown et al., 2003; Patterson et al., 2017) or even when the eyes are closed (Barden et al., 2005; Opsomer
et al., 2025). Not so in weightlessness, where the orientation of the path followed by the hand drifted slowly once the sub-
ject closed their eyes (Opsomer et al., 2025). On Earth, despite the presence of gravity, we observed such drift only when
both the motion axis and the body orientation were perpendicular to gravity, not when at least one of them was aligned
with gravity. To explain those results, we proposed a hypothesis, based on the physical properties of an inverted pendu-
lum, to predict under which conditions the drift in path orientationwas expected to occur.We proposed that, when upright,
the head is in an unmistakable singular posture where estimation of head orientation is most accurate. Similarly, when
moving a handheld object, the vertical axis is a singular axis from which deviations are the easiest to detect. Having
the head upright or pushing a weight against gravity would thereby facilitate accurate alignment of proprioceptive signals
with respect to the visual surround.
Our hypothesis is based on the premise that the singular characteristics of the upright posture in gravity make it truly

unique and unmistakable across sensory modalities, allowing it to be used as a common cue to align reference frames.
In our previous study, eliminating gravity removed both distinguishing characteristics, leading to the appearance of drift in
all body tilt and motion axis conditions. The fact that we tested only two body orientations leaves open the possibility,
however, for other explanations of the observed data. For instance, drift that varies continuously with the body tilt angle,
rather than an all-or-nothing effect of any tilt at all, would also produce significant differences in drift magnitude between
upright and supine but would imply an underlying neural mechanism, e.g., tilt-dependent noise or bias, that does not rely
on the uniqueness of the upright orientation per se. In the present study, we aimed to answer the question: Does the
upright posture provide a truly unique reference to facilitate sensorimotor alignment, or does it represent one endpoint
on a continuum of tilt-dependent responses? To this end, participants performed repetitions of targeted arm movements
toward remembered target locations placed along their longitudinal body axis in the upright posture and at three different
backward tilts of 45, 90, and 135°. We looked for a dose-dependent effect of body tilt on the magnitude and direction of
hand-path orientation drift. The results provide further evidence that the CNS relies on the truly singular nature of the
upright posture to suppress drift in sensorimotor mappings, while a detailed analysis of the rotation and translation of
hand paths provides further insights into what might be the cause of the drift in the first place.

Material and Methods
Participants. Twenty-four healthy participants took part in this study. A first cohort of 12 participants (aged 25±6; 6

women; 11 right-handed) participated in the first experiment; a second cohort of 12 (aged 25 ±2.5; 8 women; 11 right-
handed) participated in the second experiment. All participants were naive with respect to the purpose of the study.
TheAQ1

¶

experiments were approved by the ethics committee of [Author University], and all participants provided written
informed consent before the experiment.

Task. Participants performed point-to-point arm movements with an object held in a precision grip, i.e., between the
thumb and index finger (Fig. 1A). Movement amplitude (40 cm) was delimited by visual targets positioned on a target
mast next to the participant’s hand, symmetrically above and below the participant’s shoulder and next to the wrist
when the arm was fully extended, allowing comfortable movements without complete extension of the arm.
Participants moved their hand repeatedly from one target to the other and then back, making a full stop at each target
andwaiting for the auditory go cue to start eachmovement. One trial therefore consisted of onemovement in one direction
from one target to the other, with the ending of one movement being the starting point of the next. Thus, a block of trials
consisted of a sequence of movements between two targets, alternating in direction from target 1 to target 2 and from
target 2 to target 1. Each experiment was divided into blocks of 30 (Experiment 1) or 24 (Experiment 2), such trials per-
formed in different conditions determined by vision (eyes open or closed) and body tilt (see below), leading to a two-factor
within-subjects design. All participants performed the task with their right arm and were instructed to make fast move-
ments, resulting in typical bell-shaped velocity profiles (Fig. 1B). In an egocentric reference frame, the movements were
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always the same with the target mast placed parallel to the longitudinal axis of the body, alternating between movements
toward the head and toward the feet. All blocks started with the hand placed next to the lower target, i.e., the target closer
to the feet. The delay between go cues was pseudorandomly chosen between 1.5, 1.75, 2, 2.25, and 2.5 s to avoid antic-
ipation, resulting in an average block duration of 60 and 48 s for Experiments 1 and 2. In blocks performed with eyes open
(EO), all trials were performed with eyes continuously open; in blocks performed with eyes closed (EC), participants placed
their hand next to the starting target, closed their eyes, and then performed all trials with eyes continuously closed.

Block design. After two to three training blocks performed in upright posture to learn to perform the required move-
ments with eyes open and closed, each participant performed six consecutive blocks in each body tilt, alternating between
the two visual conditions (EO and EC) and always starting with the EO condition. In Experiment 1, the participants per-
formed the task at 0° (upright posture), 45°, and 90° of backward body tilt. This permits the comparison of the upright pos-
ture, in which the head and motion axes are aligned with gravity, with two tilted conditions in which they are not. Based on
initial results that showed drifts almost always in the same direction (toward the feet), we performed a second experiment
in which participants performed the task at 45, 90, and 135° of backward body tilt to test whether the direction of the grav-
itational torque at the shoulder and elbow influences the direction of hand-path orientation drift. In both experiments, the
order of body tilts was pseudorandomized and counterbalanced across participants. A 20 s break was imposed between
each block, and additional breaks could be requested at any time by the participant. During those breaks, participants
could relax their arm. For the 135° body tilt condition, participants were returned to an upright posture after each block
performed with eyes closed for 2–3 min for their comfort. Participants were therefore never moved between two consec-
utive blocks performed with eyes open then closed.

Equipment. Participants were installed in a custom-built rotating chair consisting of a bucket seat (Evo XL VTR fiber-
glass seat, Sparco) fixed to a rotating frame. The rotating frame could be set at four different angles: 0, 45, 90, and
135° (Fig. 1D). The participants were securely attached to the seat with a 6-point harness (Sparco). The participant’s

Figure 1. Methods. A, Task consists of point-to-point arm movements toward visual targets with the go signal given by an auditory cue, an egocentric

reference frame was used with the x-axis parallel to the longitudinal body axis and defined positive toward the head. Participants alternated movements

toward the head and feet.B, Exemplar kinematic traces showing the position and velocity along the x-axis.C, The hand-path orientation (°) is defined as the

angle between the target axis and the line joining the extremities of the hand trajectory. The path translation (cm) is defined as the norm of the 2D vector

joining the starting position of the first hand path, which was always next to the lower target, and the endpoint of the ith downward hand path, i.e., when the

hand came back to the lower target after a back-and-forth movement. Its components along the x- and y-axes give the displacement of the hand trajectory

along the longitudinal and sagittal body axes, respectively. D, Participants were installed in a chair that could be rotated backward by 45, 90, or 135°.

In Experiment 1 (N=12), the body tilts tested were upright, 45 and 90° backward tilts. In Experiment 2 (N=12, different from Experiment 1), the body tilts

tested were 45, 90, and 135° backward tilts.
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feet were held in place with foot straps. The object held by the subject was a 91 ×37.5 × 48 mm rigid parallelepipedweight-
ing 260 g. In Experiment 1, the position of the hand and object were measured by an infrared marker placed on the nail of
the index finger and tracked with a tridimensional (3D) motion tracking system composed of two CODA CX-1 units
(CODAMOTION, Charnwood Dynamics). In Experiment 2, four infraredmarkers embedded in the held object were tracked,
and the center of mass of the held object was reconstructed based on the four markers to represent the position of the
hand and object.

Data processing. All analyses were implemented in Matlab R2022A. Position signals were filtered with a dual-pass
Butterworth low-pass filter of order 4 with a cutoff frequency of 5 Hz. Signals were expressed in an egocentric reference
frame: the x-axis was defined positive toward the head and the y-axis positive in front of the body. The velocity was
obtained by numerical differentiation of the position. Movement onset and offset were defined as the time when the ver-
tical component of the velocity was above or below five percent of movement peak velocity and remained above or below
this threshold for at least 50 ms. The analyses presented below focus on the parasagittal plane (x–y plane) since the con-
tribution of the component along the z-axis to the movement amplitude was negligible in all cases (<1%), and we did not
find any deterioration ofmovement characteristics in the absence of visual feedback along the z-axis or in the frontal plane.
We computed the hand-path orientation for each trial and hand-path translation for each back-and-forth movement

(Fig. 1C). Hand-path orientation (°) was defined as the angle between line joining the onset and offset points and the target
axis. For the hand-path translation (cm), the start position in the first trial (always at the lower target) was taken as a ref-
erence and compared with the following endpoints after executing a back-and-forth movement, i.e., after coming back to
the lower target. In other words, the hand-path translation was defined as the norm of the 2D vector connecting the first
onset position with the endpoint of the ith downward trial (locationi− location1, i=1–15 in Experiment 1 and i=1–12 in
Experiment 2). This vector was also decomposed into its components along the x- and y-axis to distinguish the relative
displacement of the hand trajectory along the longitudinal and sagittal body axes, respectively. The temporal evolution
of those metrics was characterized by a signed drift value (°/s and cm/s), obtained by taking the value of the slope of a
linear regression fitted on the temporal evolution of the path orientation and translation for each block separately. The
intrasubject variability was computed by taking the standard deviation of the drift for blocks performed in the same con-
dition. To test our hypothesis about the singularity of the upright posture in maintaining consistent hand-path orientation,
we also looked at the speed of the drift in path orientation, independent of direction, by computing the unsigned drift rate,
i.e., absolute value of the slope of the fitted linear regression. Blocks in the same condition were pooled for each partic-
ipant after verifying with mixed-effects models that including a random effect of Block to the model did not improve the
quality of the fit.
In Experiment 2, one participant’s drift in path orientation in the 135° condition was detected as an outlier, i.e., had a drift

rate with a Z-score greater than three; we therefore removed this participant from the primary analyses, but verified a pos-
teriori that the statistical conclusions did not change when that participant’s data were included.

Statistical analyses. In both experiments, we assessed the effect of body tilt and vision on movement characteristics
with a two-way repeated-measures ANOVA with factors Body tilt (three-level factor) and Vision (two-level factor).
Mauchly’s tests were used to check sphericity assumption and Greenhouse–Geisser corrections were applied when
needed. Post hoc analyses were done using paired t tests with Bonferroni’s correction. Unpaired Student’s and
Welch’s t tests were used to compare the results of Experiment 1 and Experiment 2. Before each test, we verified data
normality using Kolmogorov–Smirnov test with Lilliefors adjustment. We assessed the within-individual correlation across
conditions using the repeated-measures correlation technique described in Bakdash andMarusich (2017) with the rmcorr
R package. For all statistical tests, a significance threshold of 0.05 was used. All statistical analyses were performed using
RStudio with the ez library developed by Michael A. Lawrence.

Results
While performing the task with visual feedback, participants produced hand-path trajectories that remained precisely

aligned with the target axis in all body tilts for both Experiments 1 and 2, as illustrated in the left column of Figure 2A
with hand trajectories of representative participants. Furthermore, no differences between early (gray traces) and late
(black traces) trials are observed. In contrast, in the absence of visual feedback (Fig. 2A, right column) body tilt strongly
affected the repeatability of the hand-path from one trial to the next. In the upright condition, compared with other
body tilts, path orientation was more parallel to the target axis, and stable over time, although the path sometimes grad-
ually translated away from the target axis (Fig. 2B, first row). In the tilted postures, i.e., 45, 90, and 135° (Fig. 2B,C), hand-
path orientation drifted substantially away from the target’s axis, rotating on average in the counterclockwise direction
(when looking at participant’s left ear). This rotation was accompanied by a translation toward the feet, i.e., a negative
path translation along the x-axis (Fig. 4).
For Experiment 1, the drift (Fig. 3A, blue boxes), the drift rate (Fig. 3B, blue boxes), and thewithin-subject drift variability of the

path orientation (Fig. 3C, blue boxes) were smaller and closer to zero for the upright posture comparedwith the two tilted con-
ditions, i.e., 45 and90° body tilts. To test our hypothesis about the singular nature of the upright posture in preventing thedrift in
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path orientation,we tested if the drift rateswere affectedby body tilt. Statistical analysis revealed that drift ratewas significantly
affectedbyBody tilt (F2,22 = 18.55, p , 0.001, h

2
p = 0.66) andVision (F1,11 = 82.01, p , 0.001, h

2
p = 0.83) with a signif-

icant interaction effect between these two factors ( GGe = 0.64, p[GG] , 0.001, h
2
p = 0.63). The interaction effect reflects

the fact that body tilt affected the drift rate only in the absence of visual feedback (GGe = 0.67, p[GG] , 0.001, h
2
p = 0.63)

but not in the presence of visual feedback (F2,22 = 2.87, p = 0.078, h
2
p = 0.2). Post hoc analyses revealed that the drift rate

was larger at 90 and 45° comparedwith 0° (p<0.001 in both cases); however, the drift rate at 90° was not significantly different
from the one at 45° (p=0.5). The mean drift rates, with eyes closed, were 0.028°/s at 0° (between-subjects 95% CI: [0.016,
0.039]), 0.093°/s at 45° (95% CI: [0.07, 0.11]), and 0.12°/s at 90° (95% CI: [0.08, 0.16]). We verified that the observed drifts
were not due to muscular fatigue during the course of a block by comparing the average velocity peaks of the five first
and five last movements and found no significant difference in any body tilt conditions with eyes closed (paired t tests:
0°: t11 = 0.2, p = 0.84, d = 0.02; 45°: t11 = 0.43, p = 0.67, d = 0.04; 90°: t11 = 0.2, p = 0.39, d = 0.04).
For Experiment 2, where only tilted conditions were tested, the drift (Fig. 3A, orange boxes), the drift rate (Fig. 3B, orange

boxes), and the within-subject variability of the path orientation (Fig. 3C, orange boxes) were statistically indistinguishable
across body tilt (45, 90, and 135° conditions). Statistical analyses indeed revealed a significant main effect of Vision
(F1,10 = 39.55, p , 0.001, h2

p = 0.81) on the drift rate but Body tilt (F2,20 = 0.40, p = 0.67, h2
p = 0.04) and the interaction

between Body tilt and Vision (F2,20 = 0.9, p = 0.42, h2
p = 0.08) had no significant impact. We verified that adding the par-

ticipant whose behavior was detected as outlier in the 135° condition does not change this result. We performed additional
testing for differences in drift rate between different body orientations. A single-factor ANOVA showed a main effect of tilt
angle (0, 45, 90, 135°), while Scheffé’s post hoc testing indicated two homogeneous groups, one containing only the 0°
(upright) condition and the other containing all three other tilt conditions, even with alpha=0.20. While we cannot rule out
a dose-dependent effect between the different tilted postures, we can at least claim, based on these homogeneous groups
and on visual inspection for Figure 3B, that any dose effect is highly nonlinear, with a much larger difference between the 0
and 45° postures than the difference between 45 and 90° or the difference between 90 and 135°. The mean drift rates, with
eyes closed, were 0.1°/s at 45° (between-subjects 95% CI: [0.067, 0.134]), 0.105°/s at 90° (95% CI: [0.072, 0.138]), and
0.12°/s at 135° (95% CI: [0.086, 0.154]). These values are comparable with those obtained in Experiment 1 in the shared
conditions, i.e., 45 and 90° conditions, and statistical analysis revealed no significant differences in either drift or drift rate
between the two experiments (drift: 45°: t21 = −0.56, p = 0.58, d = 0.23; 90°: t15.185 = −1.23, p = 0.23, d = 0.5; drift

Figure 2. Influence of body tilt and vision on the path orientation of point-to-point arm movements. A, Hand trajectories for illustrative subjects (same par-

ticipant for 0, 45, and 90° from Experiment 1, another participant for 135° from Experiment 2). Gray and black traces represent the first five and last five trials

of the chosen blocks, respectively. Left and right columns aremovements performedwith and without visual feedback respectively. Each row corresponds

to a tilt of the chair, from top to bottom: 0, 45, 90, and 135°. Correspondence of rows and columns with conditions was kept the same for all panels.

B, Experiment 1: hand-path orientation (°) pooled across blocks performed in the same vision and body tilt conditions for each participant (N=12; positive,

CCW; negative, CW). Trial bins combine two consecutive movements (upward and downward). Thin lines are the individual data, and the thick line is the

average across participants. Error bars denote the standard error of the mean (SEM). C, Experiment 2: hand-path orientation (°), same as panel B (N=11).

Research Article: New Research 5 of 11

July 2025, 12(7). DOI: https://doi.org/10.1523/ENEURO.0120-25.2025. 5 of 11

https://doi.org/10.1523/ENEURO.0120-25.2025


rate: 45°: t21 = −0.4, p = 0.69, d = 0.17; 90°: t21 = 0.76, p = 0.45, d = 0.32). Therefore, we reproduced similar results
with two different cohorts of subjects. We also verified with paired t tests that after grouping cohorts of both experiments,
there was still no difference between the 45 and 90° conditions (drift: t22 = 0.16, p=0.87, d=0.03; drift rate: t22 = −1.3,
p=0.2, d=0.35). Similarly to Experiment 1, we also did not find any difference between the velocity peaks of early and late
trials in the eyes closed condition (paired t tests: 45°: t11 = 1.1, p = 0.3, d = 0.06; 90°: t11 = 0.16, p = 0.88, d = 0.01;
135°: t11 = 0.24, p = 0.82, d = 0.03).
We also observed substantial translation of the hand paths as measured by the location of the hand at the end of the

trajectory close to the lower target. The overall translation of hand paths across trials in the different body tilt and vision
conditions is shown in Figure 4. One can observe that the results obtained in the 0° condition (Fig. 4A, first row) are dif-
ferent from the ones in the tilted postures (Fig. 4A,B, second to last rows) in the eyes closed condition (right column of
panels A and B). In the upright posture, the overall translation of the hand-path along the y-axis rapidly increased to reach
a plateau while no translation of the path occurred along the x-axis. The translation of the paths in the upright condition
appears to correspond to a jump to a constant bias, rather than a gradual shift in paths over time or repetitions. On the
other hand, for the tilted postures, almost no displacement occurred along the y-axis, but a significant negative
drift was observed for the displacement along the x-axis. This corresponds to a progressive shift of the hand position
toward the feet. For Experiment 1 (Fig. 4C, blue boxes), statistical analysis revealed a marginal effect of Body tilt
(F2,22 = 3.3, p = 0.056, h2

p = 0.23) on the drift in path translation along the x-axis when the eyes were closed while
Body tilt (GGe = 0.66, p[GG] = 0.41, h

2
p = 0.05) had no impact on the drift in path translation along the y-axis. For

Experiment 2 (Fig. 4C, orange boxes), statistical analysis revealed no impact of Body tilt for either the drift in path trans-
lation along x-axis (F2,22 = 0.19, p = 0.83, h2

p = 0.017) or along the y-axis (GGe = 0.6, p[GG] = 0.62, h
2
p = 0.03).

We next looked for a link between the drifts in path orientation and the path translations observed in tilted body orien-
tations by looking for a correlation between these two quantities at the level of each participant and found that they were
(Fig. 5). In the upright condition (Fig. 5A), drifts were not correlated while for both Experiments 1 and 2 with the tilted con-
ditions aggregated, we found strong negative repeated-measures correlation (Bakdash and Marusich, 2017; Fig. 5B,C).
In other words, in the absence of visual feedback in tilted body orientation, a gradual counterclockwise rotation (while look-
ing at participant’s left ear) of the hand trajectory was associated with a translation toward the feet (Fig. 2A, second to
fourth rows), regardless of whether the body axis was tilted above (45°), below (135°), or aligned with (90°) the horizontal
meridian.

Discussion
In this study, we investigated the uniqueness of the upright posture, compared with tilted body postures, in the ability to

maintain consistent hand trajectories during longitudinal reaching arm movements toward remembered visual targets. Our
results demonstrated that, in the absence of visual feedback, systematic drift in hand-path orientation occurred in all the
tilted body postures tested (45, 90, and 135° backward tilts) with similar magnitude and direction whereas such drift was
absent in the upright posture (“ON/OFF” effect). We also found that the drift in hand-path orientation was associated with
a translational drift along the longitudinal axis toward the feet, but only in tilted postures. The presence of drift in all tilted

Figure 3. Influence of body tilt on the drift, drift rate, and within-subject drift variability of the path orientation across experiments in the eyes closed con-

dition.A, Comparison of drift value (°/s). Dots represent the average for each individual subject and boxplots display themedian and the inter quartile range.

B, Same as A for the drift rate (°/s). C, Same as A for the within-subject drift variability (°/s).
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conditions matches a prediction of a recently proposed hypothesis stating that stabilizing the head vertically or pushing
directly against gravity provide key cues to prevent the drift (Opsomer et al., 2025). Furthermore, the lack of dependency
on body tilt amplitude away from the vertical strengthens the hypothesis that the upright posture is truly a singularity in sen-
sorimotor coordination: the transformations required to convert memorized visual information into motor output are affected
whenever the body leaves that posture (Burns and Blohm, 2010; Tagliabue et al., 2013; Bernard-Espina et al., 2022).
The accuracy of arm movements was previously shown to be impaired in various ways in tilted body postures. For

example, participants typically undershoot targets during reaching while being tilted forward (Di Cesare et al., 2014) or
display endpoint errors in the direction of body tilt when tilted laterally (Tani et al., 2018), but these inaccuracies have
not been characterized in terms of a gradual rotation of the sort that is reported here and previously (Opsomer et al.,
2025). However, in those studies the visual feedback about the target was typically reset between each movement which
prevents observing any accumulation of errors over time, as we have seen in our study. In studies where vision was pre-
cluded during repetitive arm movements in the upright posture, previous studies did not report drift of hand-path orien-
tation during reaching toward visual (Brown et al., 2003; Patterson et al., 2017) or proprioceptive (Barden et al., 2005)
targets but rather a drift in translation. We also observed that in the upright condition the path drifted in translation, rapidly
reaching a plateau a few centimeters above and beyond that of the first trial. In all the tilted body postures tested (45, 90,
and 135°), however, we observed a more gradual drift along the longitudinal body axis toward the participant’s feet, what-
ever the body tilt. Moreover, the translational drift was shown to be negatively correlated with the drift in path orientation
suggesting that both might result from a gradual rotation whose center is not on the hand trajectory itself.
In our original study we postulated that the upright in a gravitational field is truly unique both for the vestibular organs and

for the head–neck proprioceptive system, providing a “pop-out” reference that can be used to calibrate transformations
between visual and proprioceptive reference frames.We proposed this in contrast to alternative hypotheses inwhich grav-
ity might directly influence the execution of the motor output. Our experiments rule out the hypothesis that the drifts could

Figure 4. Influence of body tilt and vision on the path translation of point-to-point arm movements. A, Experiment 1: hand-path translation [cm] averaged

across participant (N=12) for each body tilt. Left and right columns are the eyes open and closed conditions, respectively. The circle and triangle symbols

are the components along the x- and y-axes, respectively, each row corresponds to a body tilt configuration (from top to bottom: 0, 45, and 90°). Trial bins

combine two consecutivemovements (upward and downward). Each data point is the average across participants and error bars denote the standard error

of the mean (SEM). B, Experiment 2: hand-path translation (cm), same as panel B (N=12). From top to bottom: 45, 90, and 135° conditions. C, Drift in path

translation (cm/s) along the x- and y-axes in the eyes closed condition. Dots represent the average for each individual subject and boxplots display the

median and the inter quartile range.
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be due to improper compensation of the gravitational torques applied to the limb or drift to a more comfortable posture,
since rotational drift was outward and translational drift was toward the feet even in a head down posture (i.e., at 135°) or in
weightlessness (Opsomer et al., 2025). In addition, we did not find any evidence of muscular fatigue that could explain the

Figure 5. Repeated-measures correlation between the drift in path orientation and the drift in path translation along the x-axis in the eyes closed condition.

A, Experiment 1 upright (0° condition). Each color is associated with a participant, each data point is the measurement obtained in one block.B, Combined

tilted postures from Experiment 1 (45 and 90° conditions). C, Combined tilted postures from Experiment 2 (45, 90, and 135° conditions).
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drift. On the other hand, the neck muscles could be fully relaxed in all three of our tilted conditions, but not in the upright
posture. This could explain the “ON/OFF” phenomenon that we observed.We therefore cannot exclude the possibility that
neck proprioception—which is known to affect the precision of upper-limb position sense (Knox and Hodges, 2005;
Zabihhosseinian et al., 2015)—could have amore graded influence on upper-limbmovement if the head was unsupported
when tilted. Most important, however, is the fact that we can exclude an explanation based on tilt-dependent noise in oto-
lithic signals (De Vrijer et al., 2008; Tarnutzer et al., 2009; Vingerhoets et al., 2009), which would otherwise have negated
the notion that the upright posture is truly singular with respect to vestibular influences. The hypothesis that the singular
upright posture can be used to calibrate sensorimotor transformations remains as a plausible and parsimonious explana-
tion for the drifts (or lack thereof) that we observed here and in our previous studies.
Our findings provide new clues to understand the causes of the rotational drift in tilted (andweightless) conditions. It was

previously shown that in the supine posture, path orientation drifts as a function of the time elapsed since closing the eyes,
not as a function of movement repetition (Opsomer et al., 2025). Therefore, the drift does not stem frommotor errors accu-
mulating from trial to trial. A legitimate question one might ask is: could the progressive changes of path orientation over
time reflect a gradual misperception of body tilt with respect to the Earth-fixed targets? Indeed, numerous studies have
demonstrated that verticality perception is the most accurate with the body upright and is biased in tilted body postures, a
phenomenon known as the Aubert–Muller effect (Aubert, 1861; Müller, 1915; Mittelstaedt, 1983). More specifically, par-
ticipants tend to overestimate body tilt at tilt angles smaller than 60° (E-effect) and underestimate body tilt at larger tilt
angles (A-effect), whether the body is tilted in the frontal (Van Beuzekom and Van Gisbergen, 2000) or sagittal
(Ebenholtz, 1970; Bortolami et al., 2006) plane. Importantly, this perceptual bias was also shown to drift over time
(Tarnutzer et al., 2012, 2013). Thus, one might imagine that drift in path orientation could be the consequence of a drift
in the estimation of body orientation with respect to the external world (and thus with respect to the allocentric represen-
tation of the targets in memory). This hypothesis predicts, however, different drift directions for head tilts of more than or
less than 60° with respect to the vertical, in contrast to what we observed. Despite some intersubject variability, most of
the participants showed positive drift on average, similar to what was observed in the supine posture on Earth (Fig. 6) and
for both the seated and supine postures in weightlessness (Opsomer et al., 2025).

Figure 6.Consistency of drift in path orientation across blocks and body tilts for all participants in the eyes closed condition. Each dot represents the drift of

one block, and each participant did three blocks in each body tilt. In Experiment 2, due to a technical issue, Participant 5 in the 90° condition did only two

blocks.
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Conceptually, the brain can plan targeted motions to be performed with eyes closed in a visual reference frame (by
comparing a reconstructed visual estimation of hand position to the remembered visual targets) or in a proprioceptive ref-
erence frame (by comparing direct proprioceptive information of hand position to the remembered hand position achieved
during movements performed with eyes open). It has been proposed that it is advantageous to combine both task repre-
sentations using optimal multisensory integration principles, even if this requires reconstructing sensory information that
is missing in some modalities (Tagliabue and McIntyre, 2011). Under this assumption, the weight given to proprioceptive
representations would grow as visual uncertainty increases over time spent with eyes closed. If the visual and propriocep-
tive reference frames are not aligned, this gradual shift would translate into a drift in hand path. We thus favor a hypothesis
wherein drift in path orientation stems from a gradual shift of weighting between visual and proprioceptive reference
framesAQ2

¶

(Smeets et al., 2006), which would no longer be aligned in tilted postures because the saliency of the singular
head posture or handmovements disappears. This shift in weightingwould be due to the fact that the visual representation
of the task degrades in memory over time when the eyes are closed. Therefore, more weight would be progressively given
to the proprioceptive information.
But why would visual and proprioceptive reference frames become misaligned in tilted postures, and why would the

misalignment be in a particular direction, independent of tilt angle? One possibility is that the memorized proprioceptive
target, i.e., the required configuration of the arm to reach the target, is biased toward the most frequent postures. Indeed,
gravity constantly pulls downward on our limbs, which could generate a prior for the stable configuration of our arms as
being aligned alongside the body. Therefore, in tilted configurations this prior could bias our representation of the target
configuration of our arm. Such gravity related bias was already demonstrated for visually remembered postures, i.e., lifted
arms were remembered as lower and as closer to the nearest plausible postures (Han et al., 2024). An analogous egocen-
tric prediction of gravity’s effect on the limb was also evoked to explain directional asymmetry in the kinematics of
arm movements when participant was in a reclined posture with eyes closed (Le Seac’h and McIntyre, 2007).
Tilt-independent bias might therefore suggest that the direction of gravity would be predicted as being toward one’s
feet whatever the tilt angle, leading to a misrepresentation of egocentric hand-path orientation as visual memory fades
over time. But such would not be the case in the upright posture, where the singular head posture, combined with
salient tactile and proprioceptive cues about the gravitational axis, ensure that proprioception remains aligned with the
external world.
In summary, we have demonstrated the unique role of the upright body posture in sensorimotor integration for reaching

arm movements along the longitudinal body axis. The lack of tilt “dose dependency” suggests that drift in hand-path ori-
entation and translation, occurring in the absence of visual feedback, could reflect a gradual reweighting between
unaligned visual and proprioceptive reference frames whenever the body leaves the upright posture.
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