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Abstract

In humans, practically all movements are learnt and performed in a constant gravitational field. Yet, studies on arm movements
and object manipulation in parabolic flight have highlighted very fast sensorimotor adaptations to altered gravity environments.
Here, we wondered if the motor adjustments observed in those altered gravity environments could also be observed on Earth in
a situation where the body is upside-down. To address this question, we asked participants to perform rhythmic arm movements
in two different body postures (right-side-up and upside-down) while holding an object in precision grip. Analyses of grip-load
force coordination and of movement kinematics revealed distinct adaptation patterns between grip and arm control. Grip force
and load force were tightly synchronized from the first movements performed in upside-down posture, reflecting a malleable
allocentric grip control. In contrast, velocity profiles showed a more progressive adaptation to the upside-down posture and
reflected an egocentric planning of arm kinematics. In addition to suggesting distinct mechanisms between grip dynamics and
arm kinematics for adaptation to novel contexts, these results also suggest the existence of general mechanisms underlying
gravity-dependent motor adaptation that can be used for fast sensorimotor coordination across different postures on Earth and,
incidentally, across different gravitational conditions in parabolic flights, in human centrifuges, or in Space.

NEW & NOTEWORTHY During rhythmic arm movements performed in an upside-down posture, grip control adapted very
quickly, but kinematics adaptation was more progressive. Our results suggest that grip control and movement kinematics plan-
ning might operate in different reference frames. Moreover, by comparing our results with previous results from parabolic flight
studies, we propose that a common mechanism underlies adaptation to unfamiliar body postures and adaptation to altered
gravity.

grip force; reference frame; rhythmic arm movements; upside-down posture

INTRODUCTION

The central nervous system (CNS) develops at an early age
the ability to coordinate arm movements and finger forces
during object manipulation (1–3). More precisely, to ensure a
stable grip the CNS must learn to synchronize grip force (GF),
applied perpendicularly to the contact surfaces of the object,
with the tangential load force (LF), varying as a function of
the object weight and acceleration, so that any self-induced
variation of load force is accompanied by a synchronized and
finely tuned change of grip force (4, 5). This tight coupling

between GF and LF relies on accurate sensory feedback (6–9)
and, importantly, on so-called internal models that can be
used to predict the sensory and physical consequences of
motor commands and actions (10–13). These predictivemech-
anisms, employed by the CNS to program grip force anticipa-
tively, must account for the physical properties of the object
such as mass (14–16) and frictional properties (5, 17), as well as
for the dynamics of the arm (18–20) and the dynamics of
the environment (20–26). One crucial element of this environ-
ment is the omnipresent gravitational force, which combines
additively with the inertial forces to generate the tangential
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load at the fingertips. In particular, distinct directions of
movement with respect to gravity can yield distinct LF pro-
files and therefore distinct required GF (27).

In addition to impacting grip control, gravity plays a central
role in the planning of movement kinematics. Previous works
have shown that the velocity profile of discrete arm move-
ments depends on movement direction (28–31). Furthermore,
results from virtual reality experiments (32, 33) and experi-
ments performed in weightlessness (34–37) strongly suggest
that this directional asymmetry is preplanned by the CNS.
Optimal control models that minimize a weighted sum of
movement jerk and absolute work (28, 38, 39) as well as
Optimal Feedback Control models (40) have provided a nor-
mative explanation for direction-dependent kinematics.

In accordance with the primordial role played by gravity
in motor control, various studies reported clear pieces of evi-
dence for the existence of a central internal estimate of the
gravitational force that can be used to facilitate perception
and control (41–43). On the one hand, an internal estimate of
the direction of gravity (which defines the verticality) is con-
structed by combining vestibular signals from the otolith
organs and the semicircular canals of the inner ear (44, 45),
visual signals from the retina (46–48), somatosensory signals
frommechanoreceptors (49–53), and egocentric cues (30, 48,
54, 55). On the other hand, the effects of the gravitational
force on objects are learnt for instance by internalizing the
trajectory of free-falling objects (56–59) or the forces required
to manipulate objects (1, 2, 11). Incongruent visual feedback
of motion direction during object manipulation affects the
timing of GF (60), providing additional evidence that the in-
ternal model of the effects of gravity that is implicitly
employed by the CNS for effective GF control is multimodal
and not necessarily precise in all circumstances. All in all, it
is reasonable to believe that an internal representation of
gravity is used by the brain to plan movement kinematics
and to coordinate GF and LF during object manipulation.

Quite remarkably, although the coordination between GF
and LF is learnt exclusively in a constant Earth-gravity envi-
ronment, the CNS has proven to be very swift in its ability to
adapt dexterous manipulation control to altered-gravity
environments encountered for instance in parabolic flights
or in human centrifuges (for a review, see 61). A good tempo-
ral synchronization between the two forces is usually
observed within seconds of exposure to microgravity (21, 62),
partial gravity (63), or hypergravity (21, 22, 62, 64), suggest-
ing flexible predictions of LF that adapt quickly to novel
gravitational contexts. In contrast, adaptation of the kine-
matics of the movement to altered-gravity environments
seems to bemore progressive (34, 36, 37, 40) which, from the
point of view of optimal control, suggests a progressive
adjustment of the kinematics to optimize the motor com-
mand in terms of dynamic parameters of force, torque, and
muscle activation (34, 40). The question arises as to whether
the CNS can successfully anticipate load forces and dynam-
ics in all terrestrials conditions or whether mechanisms of
sensorimotor adaptation observed in novel gravitational
contexts are also required to achieve adequate GF-LF cou-
pling and kinematics planning in unusual circumstances
such as when the body is inverted with respect to gravity.

We therefore set out to measure how GF-LF coordination
and movement kinematics adapt in a situation where the

body is upside-down. In particular, we ask whether the inter-
nal estimate of the direction of gravity allows for an allocen-
tric predictive control of finger forces and arm movements,
that is to say a control that would use limb motion repre-
sented in an Earth-centered reference frame to accurately
predict the forces acting on the arm and the fingers, regard-
less of the body's orientation with respect to gravity; or
whether the CNS may have developed predictive mecha-
nisms for load force and limb dynamics based on limb
motions expressed in a body-centered reference frame, due
to the overwhelming preponderance of movements per-
formed when the body is aligned with gravity.

To answer this question, we asked human participants to
perform rhythmic vertical arm movements with a manipula-
ndumheld in precision grip in two different body orientations:
right-side-up and upside-down. Rhythmic arm movements
are especially well suited for investigating sensorimotor coor-
dination, as they generate periodic LF variations that are
anticipated by the CNS, as reflected by the synchronized peri-
odic modulation of GF (4). Rhythmic arm movements have
been used in the past to test the adaptation of GF control to
novel object dynamics such as elastic loads (9, 19) or novel
gravitational dynamics (15, 20–22, 62, 63). During vertical arm
oscillations performed in a right-side-up posture on Earth and
at a moderate pace, LF acts downward on the fingers (toward
the feet) and reaches a maximum when object acceleration is
maximal upward (toward the head). If one performs the same
movement in an upside-down body orientation relative to
gravity, from an allocentric point of view the LF profile does
not change. But from an egocentric point of view, LF now
points toward the head and reaches a maximum when object
acceleration ismaximal in the direction of the feet.

We hypothesized that, if the GF-LF coupling operates in
an allocentric reference frame, the quality of the coordina-
tion between the two forces should be high from the first
movements performed in the upside-down posture. Indeed,
by combining all convergent sensory information indicating
a reversal of the body with respect to gravity with flexible
predictive mechanisms of movement dynamics, the CNS
should theoretically be able to predict accurately the novel
sensory consequences of a givenmotor command sent to the
arm. Alternatively, if GF is programmed in an egocentric ref-
erence frame, the grip-load force coordination should be
seriously impaired in the upside-down posture, at least dur-
ing initial trials while the system adapts. In addition to the
GF-LF coupling, we investigated how the kinematics of the
movements adjust when the body is upside-down. Similar to
the question of which reference frame is used for GF control,
we studied which reference frame is used to plan direction-
dependent vertical armmovements.

Our results suggest distinct adaptation processes and
potentially distinct reference frames between the planning
of GF and the planning of kinematics. In the upside-down
body orientation, the tight temporal coupling between GF
and LF was generally maintained, in agreement with the hy-
pothesis of an allocentric control of GF. In contrast, the kine-
matics of the arm reflected an egocentric reference frame for
trajectory planning, with a more gradual adaptation to this
uncommon body posture. Furthermore, kinematics adapta-
tion to upside-down orientation led to aftereffects in the ve-
locity profile of subsequent movements performed in right-
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side-up orientation, as opposed to the adaptation of GF con-
trol. These observations strengthen previous results suggest-
ing distinct adaptation processes underlying trajectory and
grip force planning (65, 66). Furthermore, we argue that they
support the hypothesis of general mechanisms underlying
gravity-dependent motor adjustments that can ensure effi-
cient sensorimotor coordination across different postures on
Earth and allow for a rapid sensorimotor adaptation to novel
gravitational contexts.

MATERIALS AND METHODS

Participants

Thirty-six healthy participants took part in this study.
Eighteen participants (aged 24±2.8; 10 males; 17 right-
handed) participated in the first experiment and 18 partici-
pants (aged 23.5 ± 1.9; 10males; 16 right-handed) participated
in the second experiment. All participants were naïve with
respect to the purpose of the study. The experiment was
approved by the ethics committee of the Universit�e catholi-
que de Louvain, and all participants provided a written
informed consent before the experiment.

Experimental Setup

Participants were installed in a custom-built inversion
chair consisting of a bucket seat (Evo XL VTR fiberglass seat,
Sparco, Italy) fixed to a rotating frame (Fig. 1A). The rotating
frame could be set at two different angles: 0� [the right-side-
up (RU) posture] and 180� [the upside-down (UD) posture].
The participants were securely attached to the seat with a 6-
point harness (Sparco, Italy). Also fixed to the rotating frame
was a target mast composed of two LED targets 32cm apart
and aligned to the longitudinal axis of the rotating frame.
The position of the target mast could be adjusted along the
horizontal and vertical axes to adapt to the participant’s size.
The participant’s feet were held in place with foot straps.
During the experiment, the participants held a manipula-
ndum (mass 260g; grip aperture 4.5 cm; Arsalis, Belgium;
see Fig. 1B) in precision grip, i.e., between the thumb and the
index finger. The cables of the manipulandumwere attached
to the participant’s forearmwith straps.

Experimental Task

Participants were instructed to perform smooth and con-
tinuous rhythmic arm movements along the vertical axis,
with the arm extended and with the manipulandum held in
precision grip. All participants performed the task with the
right arm. Movement pace (1Hz) was given by a metronome
and movement amplitude (32 cm) was delimited by the two
LED targets positioned next to the participant’s hand, sym-
metrically above and below participant’s shoulder.

Experiment 1

In experiment 1, participants first performed three training
blocks in the right-side-up posture to familiarize with the
metronome pace, then performed eight blocks in a row in
both the right-side-up (RU) and upside-down (UD) postures.
The order of the sequence of the two postures was chosen
pseudorandomly for each participant. All blocks were identi-
cal and consisted of 25 arm oscillations at a pace of 1Hz. A

short break (lasting around 45 s for the RU condition and
90s for the UD condition) was imposed between two consec-
utive blocks. The chair was reset back in the right-side-up
posture during the break separating two blocks performed in
an upside-down posture.

Experiment 2

Experiment 2 was designed to explore changes in arm ki-
nematics over longer practice times in an upside-down pos-
ture and to assess the presence of aftereffects in the right-
side-up posture after repeated practice in the upside-down
posture. The task was identical to experiment 1, but the lay-
out of the blocks was different. Participants performed six
blocks in the right-side-up posture (RU-PRE) followed by 16
blocks upside-down (UD) and then 10 blocks right-side-up
again (RU-POST). All blocks consisted of 22 arm oscillations
with the same pace (1Hz) and the same amplitude (32 cm) as
in experiment 1. Again, the chair was reset back in the right-
side-up posture between two blocks performed in an upside-
down posture for a short break (�2min).
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Figure 1. Experimental setup. A: participants were installed in an inversion
chair that could be set in right-side-up (RU) and in upside-down (UD) pos-
ture. B: the task was performed with a manipulandum held between the
right thumb and index finger. The manipulandum allowed measuring the
grip force (GF), normal to the contact surface, and the load force (LF), tan-
gential to the contact surface. C: sketches of the vertical velocity, vertical
acceleration, and LF profiles during one cycle, expressed in egocentric
coordinates. The horizontal lines represent the zero axis.
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Evaluation of the Slip Force

In addition to the oscillation task, participants also per-
formed a calibration task to evaluate the slip force (SF), i.e.,
the minimum normal force required to avoid slippage given
a specific tangential force applied at the fingertip. This cali-
bration task consisted of three blocks of 25 s during which
the participant was instructed to rub the contact surfaces of
the manipulandum using different levels of grip force (light,
moderate, and firm) and using the same finger configuration
as during the oscillation task. This procedure, described in
Ref. 67, allows extracting phases during which the finger
slides along the surface and the identification of the onset of
these phases provides accurate measurements of the static
coefficient of friction of the finger-object interface for vari-
ous levels of normal force. The coefficient of friction was
modeled as:

ls ¼ k � NFð Þn�1
; ð1Þ

where μs is the ratio between the tangential force (TF) and
the normal force (NF) at the time of slip onset and k and n
are parameters (67, 68). Because TF = μs·SF at the time of slip

onset, SF can be expressed as SF ¼ TF
k

� �1
n
. The fit parameters

k and n in the above formula were computed using standard
least-squares regression methods for the thumb and index
finger of each participant and for the ulnar and radial direc-
tions separately. We also computed μs for a normal force of
2.25N (typical value of the peak SF estimated during the os-
cillation task) using Eq. 1 to compare the coefficient of fric-
tion in the ulnar and radial directions for both fingers. In
experiment 1, the participants performed the three blocks of
the calibration task before and after each condition, thus
four times in total. In experiment 2, the participants per-
formed the three blocks of the calibration task two times,
once before and once after the 32 blocks of the oscillation
task. Although the coefficient of friction can vary substan-
tially from one subject to another, this method for comput-
ing SF can be considered reliable (67) and the median (IQR)
R-squared coefficient between the fitted SF and the data was
0.94 (0.09) across all participants, fingers, and load direc-
tions (both experiments combined).

Data Collection

Forces applied by the fingers on the manipulandum were
recorded with tridimensional force/torque sensors (Mini
40F/T transducers, ATI Industrial Automation, North
Carolina) located under each finger (see Fig. 1B). The manip-
ulandum was also equipped with a tridimensional acceler-
ometer (Analog Devices, ref. ADXL78). Finally, CODA
cameras (Codamotion CX-1 units, Charnwood Dynamics,
Leicestershire, United Kingdom) tracked the position of four
CODA active markers located on the front of the manipula-
ndum shell. The position of the center of mass of the manip-
ulandum was reconstructed from the position of the four
markers using custom routines inMatlab.

Data Postprocessing and Analysis

All analyses were implemented in Matlab R2018a. Data
signals were filtered with a dual-pass Butterworth low-pass
filter of order 4. For force and accelerometer signals, a cutoff

frequency of 40Hz was used for the Butterworth filter,
whereas for the position signal a cutoff frequency of 5Hz
was used. Signals were measured in an egocentric reference
frame: The positive direction is always toward the head
(Head direction in Fig. 1B), whereas the negative direction is
always toward the feet (Feet direction).

The velocity of the manipulandum was obtained by nu-
merical differentiation of the position. Arm movements
were essentially 1-degree-of-freedom rotations around the
shoulder; therefore, the trajectories were slightly curved in
the sagittal plane. We focused on the vertical component of
the velocity, the horizontal component being on average less
than 10 percent of the vertical component. The peaks of the
vertical component of the velocity were used to delimit indi-
vidual cycles of oscillation of the arm (Fig. 1C). We studied
the effect of body orientation on the kinematics of the move-
ment by looking at the maxima of the vertical component of
the velocity in the two movement directions (Head and
Feet), as was done in previous studies for discrete armmove-
ments (29, 36, 39, 69, 70). More precisely, within each cycle
we computed the difference between the value of the posi-
tive peak velocity (PVHead) and the absolute value of the neg-
ative peak velocity (PVFeet). We expressed this difference in
velocity peaks (DPV) as a percentage of PVHead.

The first cycle of each block was not included in the analy-
ses of the kinematics of the arm, because we were interested
in the kinematics of settled rhythmic movements. Moreover,
the first cycle was substantially shorter than the other ones, as
the participants had to catch up with the metronome. We
nevertheless performed the same analyses after including the
first cycle and reached the same conclusions. Note that the
first cycle was included in the analysis of the finger forces,
because we were particularly interested in the GF-LF coupling
during the first movements performed upside-down.

The load force (LF) was defined as the norm of the force
applied tangentially on the fingers, computed as the vector
sum of the tangential forces measured by the left and right
sensors. The grip force (GF) was defined as the force applied
by the fingers normally to the contact surfaces and was com-
puted as the average of the normal force measured by the
two sensors. We assessed the quality of the GF-LF coupling
by computing, for each block, the Pearson correlation coeffi-
cient between GF and LF, using a sliding window of five
cycles. Within each five-cycle window, we also computed the
GF offset and gain, defined as the intercept and slope of
the linear regression that best fits the GF-LF relationship in
the least-squares sense. The lag of GF with respect to LF was
computed as the time delay maximizing the cross-correla-
tion between GF and LF within each five-cycle window. A
positive value means that GF lags behind LF. As illustrated
on the bottom graph of Fig. 1C, in an egocentric reference
frame the LF profiles in the right-side-up and upside-down
postures are 180� out-of-phase. A pure egocentric (predic-
tive) control of GF would therefore yield a negative GF-LF
correlation, a negative GF gain and a GF lag of half a cycle
(�500ms) in the upside-down posture. Finally, we com-
puted the grip safety margin within each cycle. The safety
margin was first computed for each finger separately and
was defined as the difference between the maximum value
of the normal force and the maximum value of the slip force
(computed as a function of the tangential force, as explained
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in section Evaluation of the Slip Force), divided by the maxi-
mum value of the slip force. The minimum between the
thumb safety margin and the index safety margin was taken
as the final grip safety margin.

The left force sensor was defective for one participant in
experiment 2. For this participant, LF was computed using
the accelerometer data, and GF was taken as the normal
force applied on the right sensor, as the difference between
the left and right normal forces was small for the other par-
ticipants (on average, the mean absolute difference between
left and right NF was< 1 N and the correlation between left
and right NF was equal to 0.99). This participant was, how-
ever, not included in the analysis of the safety margin, as
computing the safety margin requires tangential force meas-
urements from both force sensors.

Statistical Analyses

In experiment 1, we assessed the effect of body posture
(RU vs. UD) on the dynamics of precision grip and on the ki-
nematics of the arm by using linearmixed-effect (LME)mod-
els with factors Posture (two-level factor) and Block (numeric
variable) as fixed effects, and a random intercept that cap-
tures interparticipant variability. To test the significance of
each fixed-effect term, an F test was used. In experiment 2,
we used paired t tests to compare: 1) the average of the six
RU-PRE blocks with the average of the first two UD blocks
(UD-early); 2) UD-early with the average of the last five UD
blocks (UD-late); 3) the average of the first two RU-POST
blocks (RU-POST-early) with RU-PRE; and 4) RU-POST-early
with the average of the last five RU-POST blocks (RU-POST-
late). For all statistical tests, a significance threshold of 0.05
was used. Kolmogorov–Smirnov tests confirmed the normality

of the residuals of the LMEmodel and the normality of the dif-
ferences between scores for the t tests. All statistical analyses
were performed usingMatlab Statistical Toolbox.

RESULTS

GF Dynamics in Right-Side-Up and Upside-Down Body
Orientations

In experiment 1, participants performed eight blocks of
vertical arm oscillations in both a right-side-up and an
upside-down body orientation. Movement frequency and
amplitude were not significantly affected by the condition
and were equal to 1.035±0.028Hz and 36±4cm in the RU
condition (mean ± SD), and 1.031±0.033Hz and 35±4cm in
the UD condition, respectively. Participants were therefore
able to follow themetronome pace (1Hz) in both conditions.

Figure 2 reports the GF and LF data of the first block of
oscillations performed in right-side-up and upside-down
body orientation by a typical participant. The phase diagram
(Fig. 2A) illustrates that the two forces were positively corre-
lated in both conditions. Considering all participants, we
found no significant difference in the GF-LF correlation coef-
ficient between the first RU block and the first UD block
(paired t test: t17 = –0.48, P = 0.63; see Fig. 2C and Fig. 2F
showing the distributions of the correlation coefficient
across participants for UD and RU, respectively). This corre-
lation coefficient was equal to 0.61 (0.49, 0.74) for RU move-
ments and 0.64 (0.58, 0.71) for UDmovements [mean þ 95%
confidence interval (CI) of the mean]. The temporal traces of
GF and LF during the first 10 s of each condition, depicted in
Fig. 2, B and E, show that the two forces were furthermore
tightly synchronized from the first oscillating movements.
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Figure 2. Experiment 1: grip dynamics during the first block performed in right-side-up and upside-down body orientations. A: GF versus LF for one typi-
cal participant (S9) during the RU (dotted line) and UD (plain line) conditions. The SF curves were averaged across all movement cycles. This participant
started with the UD condition. B and E: GF and LF during the first 10 s performed in the UD (B) and in RU (E) conditions for the same participant as in A.
Gray vertical lines represent the times of peak LF. C and F: histograms showing the distributions of the GF-LF correlation coefficient across participants
during the first block performed in the UD (C) and RU (F) conditions. D and G: histograms showing the distributions of the GF lag (with respect to LF)
across participants, during the first block performed in each condition. GF, grip force; LF, load force; RU, right-side-up; SF, slip force; UD, upside-down.
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We verified that the lag between GF and LF during the first
block was not significantly impacted by the posture condi-
tion (t17 = 0.39, P = 0.70) and was not significantly different
from zero [95% CI of the mean for RU movements: (�19, 40)
ms; for UD movements: (�20, 30) ms]. In both conditions,
for at least 14 out of 18 participants the GF lag relative to LF
was inferior to 25ms (Fig. 2,D and G), indicative of an imme-
diate predictive control of GF. This still holds if one consid-
ers only the first five cycles of oscillation. A tight GF-LF
coupling was therefore established very quickly in the UD
condition despite the fact that, from an egocentric perspec-
tive, the direction of the load reversed relative to the RU con-
dition and LFwas phase-shifted by 180�.

When considering all blocks, the GF-LF correlation was
not significantly different in the UD condition with respect
to the RU condition (Fig. 3A). There was indeed no effect of
Posture on the correlation coefficient (F1,283 =0.29, P = 0.59),
no effect of Block (F1,283 =0.0001, P = 0.97), and no significant
interaction between those two factors (F1,283 = 2.30, P = 0.13).
Likewise, the GF lag was not significantly impacted by body
orientation (Posture: F1,283 = 1.16, P = 0.28; Posture:Block
interaction: F1,283 = 1.31, P = 0.25) but decreased slightly
across blocks (F1,283 =6.17, P = 0.01). In contrast, the F test
revealed a significant effect of Posture on the GF gain (Fig.
3B; Posture: F1,283 = 19.4, P < 0.001; Block: F1,283 = 3.42, P =
0.07; Posture:Block: F1,283 =0.11, P = 0.74). The GF gain was
indeed more elevated in the UD condition than in the RU
condition.

In addition to an increased gain, GF also presented a
higher offset in the UD condition relative to the RU condi-
tion (main effect of Posture: F1,283 = 100.7, P < 0.001). This
offset decreased across blocks in the UD condition but not in
the RU condition (Posture:Block interaction: F = 12.9, P <
0.001). The grip safety margin (Fig. 3C) was also higher in

the UD condition than in the RU condition (main effect of
Posture: F1,283 = 24.5, P< 0.001) and decreased in the UD con-
dition but not in the RU condition (Posture:Block:
F1,283 = 10.0, P = 0.002). Importantly, after practice the safety
margin was similar in the two body postures (paired t test
comparing the last two blocks of each condition: t17 = �0.12,
P = 0.90) despite the fact that the GF offset and gain
remained more elevated in the UD condition (t17 = �4.69,
P < 0.001 and t17 = �3.65, P = 0.002, respectively). This is
explained by the fact that the slip force was more elevated in
the UD condition than in the RU condition (main effect of
Posture: F = 20.0, P < 0.001; see example traces in Fig. 2A),
for two reasons. The first reason is that the load force was
not distributed equally on the two fingers in the UD condi-
tion: it was more elevated on the index finger side than
on the thumb side. This was due to a misalignment of the
centers of pressure of the two fingers in the upside-down
posture. The second reason was that the coefficient of fric-
tion of the index finger was smaller in the radial (Head)
direction relative to the coefficient of friction in the ulnar
(Feet) direction (t17 = 4.97, P < 0.001; see METHODS). These
two reasons both tend to increase the slip force, and there-
fore decrease the safety margin for a given grip force, on the
index finger side in the UD condition.

Movement Kinematics in Right-Side-Up and Upside-
Down Body Orientations

To investigate the impact of body posture on the kinemat-
ics of the movement, we looked at the dependence of the ve-
locity profile on movement direction (36) by computing the
difference DPV between the positive velocity peaks (PVHead)
and the absolute value of the negative peaks (PVFeet). We
express this difference as a percentage of PVHead. Note that
with such a convention, this asymmetry index is expressed
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Figure 3. Summary results from experiment 1 (n = 18 partici-
pants): GF-LF correlation coefficient (A), GF gain (B), safety
margin (C), and DPV (D) across blocks in the UD and RU
conditions (M ± SE). Asterisks show significant main effects
of the fixed-effect term Posture in the linear mixed-effects
model (see section Statistical Analyses). ��P < 0.01; ���P <
0.001. GF, grip force; LF, load force; PV, peak velocity; RU,
right-side-up; SF, slip force; UD, upside-down.
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in an egocentric reference frame. Figure 3D presents the evo-
lution of DPV across blocks within each condition. DPV was
positive in the right-side-up posture, meaning that PVHead

was on average greater than PVFeet. In the upside-down pos-
ture, DPV showed a substantial evolution across blocks: it
started higher relative to the RU condition, meaning that the
difference between PVHead (where the Head direction is now
the downward direction with respect to gravity) and PVFeet

(where the Feet direction is now the upward direction with
respect to gravity) was increased. Thus, the asymmetry of
the velocity profile was initially in the same direction in both
conditions, when seen from an egocentric perspective.
Strikingly, with practice this asymmetry progressively
decreased in the UD condition. The statistical analysis con-
firmed those observations. The LMEmodel revealed a signif-
icant main effect of Posture (F1,283 = 8.60, P = 0.003) as well
as a significant main effect of Block (F1,281 =4.54, P = 0.03) on
DPV. Importantly, there was a large interaction effect
between the Posture and Block factors (F1,281 = 36.8, P <
0.001). This interaction confirms that, across blocks, DPV
evolved in opposite directions in the RU and UD conditions.
The asymmetry in the velocity profile increased with prac-
tice in the right-side-up posture, while it decreased with
practice in the upside-down posture. Note that at the end of
the eight blocks, the RU and UD asymmetries were not mir-
ror image of each other, as one might expect if the kinemat-
ics were planned in a pure gravity-centered reference frame.
We stated two hypotheses to explain that 1) the asymmetry is
different in the upside-down posture relative to the right-
side-up posture because the muscles involved are different;
or 2) the practice time was too short for a complete adapta-
tion. The latter hypothesis motivated us to design a second
experiment with an increased number of blocks.

GF Dynamics in Right-Side-Up Orientation after
Repeated Practice in Upside-Down Orientation

In experiment 2, participants performed six blocks in the
right-side-up posture (RU-PRE condition), before performing
16 blocks in the upside-down posture (UD condition). The
participants then performed 10 blocks back in the right-side-
up posture (RU-POST condition) so that we could probe the
presence of aftereffects potentially induced by a motor adap-
tation to the upside-down posture. We first analyze GF-LF

coupling, compare the results with those of experiment 1,
and check whether practice in the UD condition led to after-
effects in the control of GF in the subsequent RU-POST
condition.

In terms of grip dynamics, most participants reproduced
the results observed in experiment 1. More specifically, the
GF was positively correlated with LF from the first move-
ments performed in the UD condition (see participant S6 in
Fig. 4 and averaged data in Fig. 5A). Interestingly though, in
experiment 2 there was an initial decrease in the GF-LF cor-
relation during the first UD block (Fig. 5A). This decrease
was not significant (RU-PRE vs. UD-early: t17 = 1.88, P = 0.08),
but the correlation coefficient significantly increased with
further practice in the UD condition (UD-early vs. UD-late:
t17 = –3.45, P = 0.003) and regained the baseline value. The
GF gain tended to increase across blocks (UD-early vs. UD-
late: t17 = – 2.51, P = 0.02), which probably contributed to the
increase in the GF-LF correlation. For instance, participant
S13 displayed a reduced GF gain and an out-of-phase modu-
lation of GF during early blocks in upside-down posture (Fig.
4, bottom row, middle column), two phenomena that tend to
decrease the correlation between GF and LF. This participant
actually had a negative GF-LF correlation during the first UD
block. It is noteworthy that this participant started feeling
sick after a few blocks performed in the upside-down
posture.

As in experiment 1, the GF offset was significantly more
elevated in the UD condition than in the preceding RU con-
dition, both at the beginning (RU-PRE vs. UD-early: t17 = –

7.33, P < 0.001) and at the end (RU-PRE vs. UD-late: t17 = –

2.47, P = 0.02) of the 16-block sequence. Moreover, it
decreased significantly across UD blocks (UD-early vs. UD-
late: t17 = 5.55, P < 0.001). However, we found no significant
difference between the RU-PRE safety margin and the UD
safety margin, although the safety margin decreased signifi-
cantly across UD blocks (UD-early vs. UD-late: t17 = 2.58, P =
0.02). As in experiment 1, the increased GF offset in the
upside-down posture compensated an increased in the peak
SF (RU vs. UD: t17 = �2.87, P = 0.01) that was due to an
unequal distribution of the load force on the two fingers and
to a smaller coefficient of friction for the index finger in the
upside-down posture relative to the right-side-up posture
(RU vs. UD: t17 = 4.21, P< 0.01).
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We now compare the RU-PRE condition with the RU-
POST condition to test whether repeated practice in an
upside-down posture has an impact on the control of grip
force in movements performed subsequently in a right-side-
up posture. The typical traces in Fig. 4 depict very similar
temporal coupling between the first block of the RU-POST
condition and the last block of the RU-PRE condition. The
averaged data depicted in Fig. 5, A–C, confirm this observa-
tion. We found no significant difference between the first
blocks of the RU-POST condition and the mean of the RU-
PRE blocks in terms of GF-LF correlation (Fig. 5A), GF offset,
GF gain (Fig. 5B), safety margin (Fig. 5C), and GF lag (RU-
PRE vs. RU-POST-early; P > 0.2 for all comparisons). In
terms of GF dynamics, participants were therefore able to
switch back rapidly to the “right-side-up” LF model after the
16 blocks in the upside-down posture. We show hereafter
that the movement kinematics tell a different story.

Movement Kinematics in Right-Side-Up Orientation
after Repeated Practice in Upside-Down Orientation

The kinematics observed in experiment 2 were consistent
with the results of experiment 1 (Fig. 5D). In the UD condition,
DPV was initially similar to the RU-PRE condition from an
egocentric point of view (RU-PRE vs. UD-early: t17 = 0.59, P =
0.56), but then decreased significantly across blocks (UD-early
vs. UD-late: t17 = 3.52, P = 0.003). In contrast to experiment 1,
DPV actually reversed with respect to the RU asymmetry after
some practice. Importantly, the RU-POST condition allowed
us to detect the presence of aftereffects induced by the adap-
tation to the upside-down posture. Indeed, DPV at the

beginning of the RU-POST condition was significantly smaller
than during the RU-PRE condition (RU-PRE vs. RU-POST-
early: t17 =�2.76, P = 0.01). In contrast, the difference between
the first blocks of the RU-POST condition and last blocks of
the UD condition was smaller and not significant (UD-late vs.
RU-POST-early: t17 = �1.52, P = 0.15). DPV then increased sig-
nificantly (decreased in absolute value) with more practice in
the right-side-up posture (RU-POST-early vs. RU-POST-late:
t17 = �2.45, P = 0.02) and returned to baseline (RU-PRE vs.
RU-POST-late: t17 = 1.31, P = 0.21).

DISCUSSION
In the present study, we challenged the ability of the brain

to use an internal estimate of the gravitational force for GF
and kinematics programming by asking participants to per-
form rhythmic arm movements in an upside-down posture,
while holding an object in precision grip. Our main goal was
to investigate the reference frame in which the control of
grip force and arm movement operates in upside-down con-
dition: is it a body-centered (egocentric) reference frame, or
an Earth-centered (allocentric) reference frame?

GF-LF Coupling Reflects an Allocentric Control of Grip
Force

A particular attention was given to the quality of the GF-
LF coupling, characterized first by the correlation coefficient
and the time lag between the two forces (8, 9, 19, 22). For
most participants, we found very similar correlation coeffi-
cients and time lags in both body orientations, even when
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focusing on the first cycles performed in each condition.
These observations indicate that the mechanism responsible
for GF-LF coordination operates in an allocentric reference
frame in which gravity defines “up” and “down.” If GF was
planned in an egocentric reference frame, we would have
observed a negative GF-LF correlation coefficient (180� phase-
shift) for the first movements performed upside-down, or at
least a high time lag between GF and LF reflecting a dominant
feedback control. Previous work has emphasized flexible coor-
dination patterns across conditions of loading andmovement
kinematics (15, 16). Here we provide evidence that this flexibil-
ity also enables humans to fine-tune grip-load coupling when
the body configuration changes relative to gravity. Because
the muscles involved in the generation of single-joint, vertical
arm movements in the upside-down body orientation (pre-
dominantly the latissimus dorsi, teres major, and posterior
deltoid) are very different from those involved in the right-
side-up body orientation (predominantly the pectoralis major
and anterior deltoid), the hypothesis that GF-LF coupling
would stem from an automatic activation of the finger
muscles (in particular, the FDI muscle) following activation of
the armmuscle is not plausible (20, 71). We suggest instead, as
it has been suggested by several authors in the past (10, 20, 21,
23, 24), that the robustness of the GF-LF coupling is due to the
existence of a flexible internal model of LF that incorporates
an internal estimate of gravity. Alternatively, the CNS could
use the constant tangential load acting on the fingers before
the movement starts as an estimate of a background force to
which the inertial load must be added. We hypothesize that
the flexibility of these predictive mechanisms has arisen from
the necessity for the CNS to coordinate fingers force and arm
movement along various movement directions and in various
body postures. This could be accomplished with the help of
an Earth-centered parametric forward model (12, 61) where
the value of the gravitational force along the movement axis
can be adjusted according to movement direction. As a by-
product, such internal parametric model would allow for a
fast adaptation of sensorimotor coordination to altered-grav-
ity environments (61). Very fast adaptation of GF control has
indeed been observed in parabolic flights in microgravity (21,
23, 62), partial gravity (63), and hypergravity (21, 64), as well
as in the hypergravity environment of human centrifuges (22,
26). In contrast, feedforward control of GF needs time to adapt
when moving objects with unfamiliar dynamics such as elas-
tic or viscous loads (65, 72–74).

Interestingly, not all participants showed equal grip force
adaptation to inverted body orientation. As emphasized in
experiment 2, some participants showed in the UD condition a
substantial decrease in the GF-LF correlation, mainly due to a
decrease in the amplitude of the GF modulation and, in some
rare cases, to a substantial increase in the temporal delay
between GF and LF. This is a strong indication that sensory
feedback informing about the amplitude and direction of the
tangential load at the fingertip, already available before the be-
ginning of the movement, is not sufficient in itself to allow for
an efficient coupling between GF and LF for these partici-
pants. Rather, this sensory feedback must be complemented
with accurate predictive mechanisms. Particularly noteworthy
is the fact that the GF-LF correlation improved significantly
with practice and returned to baseline on average (see Fig. 5A),
showing that an initially poor prediction of LF can become

rapidly more accurate. Such signs of initial impairment of the
GF-LF coupling followed by rapid adaptation were observed
during rhythmic and discrete arm movements performed in
parabolic flights (21, 63, 75), in short-arm human centrifuges
(22), and in rotating chambers (25). The latter is, however, a
particular case, as rotating environments induce inertial cen-
trifugal and Coriolis forces that vary as a function of hand
position and speed and thus differ greatly from the constant
action of gravity. Sensorimotor adaptation to a rotating envi-
ronment can actually lead to observable aftereffects in the GF-
LF coupling (25). The fact that we did not observe any afteref-
fects in the GF-LF coupling in right-side-up orientation after
practice in upside-down orientation (experiment 2) suggests
once again that an internal estimate of gravity allows switch-
ing from one posture to the next, without the need to activate
or generate a new internal model of LF.

Another similarity observed between our results in the
inversion chair and parabolic flight results was the greater
GF offset observed in the upside-down relatively to the right-
side-up condition and the progressive reduction of this offset
following practice (21, 23, 63, 75). It has been proposed that
increasing the grip force could be a simple strategy to cope
with an elevated uncertainty surrounding LF prediction (74,
75), even if the prediction is actually correct. Note that the
difference in adaptation times observed between the static
component (GF offset) and the dynamic component (GF
gain) of the grip force was also observed in some parabolic
flights studies (23, 63).

To sum up, the analysis of the grip dynamics strongly
indicates that the predictive mechanism used by the CNS to
anticipate changes in tangential loads at the fingertips oper-
ates in an Earth-centered allocentric reference frame, in
agreement with the hypothesis that an internal representa-
tion of gravity is used for predictive control. Interestingly,
we discuss hereafter the control of the kinematics of the arm
that in contrast appears to operate in a more egocentric ref-
erence frame.

Arm Kinematics Reflect an Egocentric Planning of
Movement Trajectory

In the right-side-up posture, the vertical velocity of the
armwas characterized by a dependency of the velocity peaks
on movement direction. More specifically, velocity peaks
were more elevated in the upward direction than in the
downward direction. Although direction-dependent kine-
matics have been reported extensively in the literature for
discrete arm movements (29–31, 34, to name only a few), we
found no previous report documenting this kind of asymme-
try for rhythmic armmovements. Model simulations in opti-
mal control theory have shown that selecting different
velocity profiles for upward versus downward movements
optimizes effort-related motor costs (34, 39, 40, 76).
Importantly, the dependency on movement direction has
been reported to disappear in the horizontal plane (29, 30)
but to persist temporarily in a weightless environment (34,
37), which strongly indicates that the action of gravity is
anticipated by the CNS and incorporated into the planning
process underlying arm movements. Interestingly, we also
observed a persistence of this velocity asymmetry during the
first blocks performed in the upside-down posture, from an
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egocentric perspective. This is in line with the hypothesis
that the orientation of the body with respect to gravity can
bias the planning of arm movements (30) and suggests that
the kinematics of the arm are preferentially planned in an
egocentric reference frame. It is important to stress out, how-
ever, that reproducing the same velocity asymmetry as in
the right-side-up posture while inverted would still require
accurate predictions of gravity’s effect, because the muscle
groups involved are different in the two body orientations.
In other words, to reproduce the kinematics of the right-
side-up posture, prediction must precede control (66).
Thereby, shoulder dynamics were able to adapt very quickly
to the upside-down posture to reproduce the right-side-up
kinematics, a result that can be compared to previous results
obtained inmicrogravity (36).

Arm Kinematics Are Progressively Readjusted in the
Upside-Down Posture

Strikingly, with practice in the upside-down posture, the
difference in velocity peaks between the Head and Feet
directions decreased progressively, and even reversed in
experiment 2, tending toward the same difference as in the
right-side-up posture from an allocentric perspective. In the
same vein, Gaveau and collaborators (34) observed a progres-
sive adaptation of the velocity profile to microgravity toward
a new velocity profile that minimizes movement effort in a
weightless environment. More generally, a reoptimization
process is thought to underlie the kinematic adaptation to
novel limbs or environmental dynamics (40, 77). Here, the
progressive kinematics tuning observed in the upside-down
posture could potentially be explained by a similar reoptim-
ization of the control policy, although model simulations
beyond the scope of this paper are required to support this
hypothesis. The reproduction of the kinematics of the right-
side-up posture during the first block in the upside-down
posture, as well as the unimpaired and stable coupling
between GF and LF in that same posture, indicate that grav-
ity’s effects were predicted accurately. Therefore, the kine-
matic adaptation does probably not stem from an adaptation
of state prediction. Nonetheless, distinct internal models
could underlie the control of grip force and the control of
arm kinematics (65, 78).

Kinematic Adaptation to Upside-Down Body Orientation
Induces Aftereffects

Importantly, this adaptation to the upside-down body ori-
entation induced significant aftereffects observable in the ve-
locity profile of subsequent movements performed in right-
side-up posture (see experiment 2). This is very interesting,
because all sensory signals indicated to the participants that
they were in the right-side-up posture again, long before per-
forming the movements. Once again, these findings suggest
that the movement kinematics are planned preferentially in
an egocentric reference frame. The transition from one pos-
ture to the next would then require an internal rotation of the
frame of reference, which took a few trials.

Verticality Perception in the Upside-Down Posture

Predictive control of grip force and arm trajectory requires
an estimate of the movement direction with respect to

gravity. Furthermore, transforming sensory signals from dif-
ferent modalities into a common, allocentric reference frame
also requires an internal representation of body orientation.
Therefore, verticality perception is an important parameter
to consider. Verticality perception is built by integrating ves-
tibular, visual, and somatosensory signals as well as prior
expectations (48, 50, 79). Vestibular signals are integrated
with signals from other sensory modalities already in the
vestibular nuclei and in the cerebellum (80, 81) and higher in
the thalamus (50, 82). From there, the resulting signals are
sent to various cortical areas, including the parieto-insular
area often referred to as the vestibular cortex (83–85).
Interestingly, fMRI data showed brain activity within that
same area to be consistent with a central representation of
gravitational motion (86). An estimate of body orientation
combined with an internal model of gravity’s effect could be
used to predict load force changes induced by arm move-
ments. Previous studies have shown that when the body is
upside-down, the perceived visual vertical is unbiased but
shows greater inter- and intrasubject variability than when
the body is upright (54, 87–90). This greater variability in the
estimation of the vertical axis when upside-down could be
linked to the hypothetical inability of the otolith organs to
distinguish between the right-side-up and upside-down
head orientations (91, 92). It could be one factor explaining
the reduced GF-LF coordination and the increased GF lag
observed in some participants, if the perceived orientation
of gravity relative to movement direction is used to predict
the amplitude and timing of the load force. Future studies
investigating the effect of verticality misperception on grip-
load forces coordination could provide additional support to
the hypothesis that the CNS uses of an internal estimate of
gravity for predictive grip control.

Potential Influences of Vestibular Signals and Other
Graviceptors on Upper Limb Control

Even though GF control relies on predictive mechanisms,
haptic feedback plays a key role in maintaining a stable grip
(6, 7, 93, 94). Previous studies have shown that vestibular
and tactile inputs can influence reflex responses of moto-
neurons. Galvanic vestibular stimulations and cutaneous
stimulations modulate the monosynaptic reflex in the soleus
muscle (95). The monosynaptic reflex of the soleus muscle
has also been shown to be influenced by static and dynamic
body tilt (96) and by gravity level (97, 98). Vestibular signals
also contribute to the control of proximal and distal muscles
of the upper limbs, e.g., to increase grasping forces in
response to unexpected body sway when holding an earth-
fixed bar for balance (99) or to correct the trajectory of the
arm to compensate for (illusory) body motions (100, 101).
Finally, results from parabolic flight experiments suggest
that spindle activity in the arm muscles may be influenced
by gravitational force level (102). Therefore, it is possible that
vestibular signals modulate grip and arm control via the ves-
tibulospinal pathway. We, however, favor the hypothesis
that grip and arm control relies on predictive mechanisms
that can be adjusted as a function of vestibular inputs, as ves-
tibular signals give valuable information about body orienta-
tion relative to gravity and thus about the transformation
required to switch from one reference frame to another.
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CONCLUSIONS
This study was performed to investigate whether predic-

tive mechanisms of movement dynamics are flexible enough
to allow for accurate predictions of the consequences of arm
motor commands when the human body is in the uncom-
mon, upside-down posture. By investigating the coordina-
tion between the grip force and the load force during
rhythmic arm movements performed in an upside-down
posture, we showed that it is generally indeed the case: the
predictions of sensory feedback that subserve the tight cou-
pling between the grip force and the movements of the arm
is still accurate in an upside-down body posture. In other
words, our results indicate that grip-force control is per-
formed in an allocentric (gravity-centered) reference frame.
By contrast, time for adaptation was required in the upside-
down posture for the kinematics to retrieve the “right-side-
up” profile (as seen from an allocentric perspective) and
induced an aftereffect upon return to right-side-up posture,
which is consistent with an egocentric (body-centered) plan-
ning of movement kinematics. Our results therefore high-
light distinct processes underlying the adaptation of grip
dynamics and movement kinematics to the unusual upside-
down body orientation with respect to gravity. Moreover, the
similarities observed between our study and previous para-
bolic flight studies suggest that a commonmechanism could
underlie sensorimotor adaptation to altered gravity environ-
ments and sensorimotor adaptation to unfamiliar body
orientations.
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