1' frontiers
in Physiology

ORIGINAL RESEARCH
published: 23 February 2018
doi: 10.3389/fphys.2018.00131

OPEN ACCESS

Edited by:
Yury Ivanenko,
Fondazione Santa Lucia (IRCCS), Italy

Reviewed by:

Alessandro Moscatelli,
Universita degli Studi di Roma Tor
Vergata, Italy

Ke Li,

Shandong University, China

Bing Chen,

University of Miami, United States

*Correspondence:
Olivier White
olivier.white@u-bourgogne.fr
Joachim Hermsdorfer
joachim.hermsdoerfer@tum.de

Specialty section:
This article was submitted to
Integrative Physiology,
a section of the journal
Frontiers in Physiology

Received: 27 October 2017
Accepted: 08 February 2018
Published: 23 February 2018

Citation:

White O, Thonnard J-L, Leféevre P and
Hermsdorfer J (2018) Grip Force
Adjustments Re ect Prediction of
Dynamic Consequences in Varying
Gravitoinertial Fields.

Front. Physiol. 9:131.

doi: 10.3389/fphys.2018.00131

Check for
updates

Grip Force Adjustments Re ect
Prediction of Dynamic
Consequences in Varying
Gravitoinertial Fields

Olivier White *, Jean-Louis Thonnard 23, Philippe Lefevre >* and Joachim Hermsdorfer =

1 INSERM UMR1093-CAPS, Université Bourgogne Franche-Comté&JFR des Sciences du Sport, Dijon, France? Institute of
Neuroscience, Université Catholique de Louvain, Louvaila-Neuve, Belgium,® Physical and Rehabilitation Medicine
Department, Cliniques Universitaires Saint-Luc, Univeité Catholique de Louvain, Louvain-la-Neuve, Belgiunt,Institute of
Information and Communication Technologies, Electronicsral Applied Mathematics, Université Catholique de Louvain,
Louvain-la-Neuve, Belgium? Department of Sport and Health Sciences, Institute of Human kvement Science, Technische
Universitat Minchen, Munich, Germany

Humans have a remarkable ability to adjust the way they manipate tools through a
genuine regulation of grip force according to the task. Howeer, rapid changes in the
dynamical context may challenge this skill, as shown in mangxperimental approaches.
Most experiments adopt perturbation paradigms that affeconly one sensory modality.
We hypothesize that very fast adaptation can occur if cohem information from
multiple sensory modalities is provided to the central nepus system. Here, we test
whether participants can switch between different and neve experienced dynamical
environments induced by centrifugation of the body. Seven articipants lifted an object
four times in a row successively in 1, 1.5, 2, 2.5, 2, 1.5, and §. We continuously
measured grip force, load force and the gravitoinertial acleration that was aligned with
body axis (perceived gravity). Participants adopted stemtyped grasping movements
immediately upon entry in a new environment and needed onlyne trial to adapt
grip forces to a stable performance in each new gravity envanment. This result was
underlined by good correlations between grip and load forcgin the rst trial. Participants
predictively applied larger grip forces when they expectedcreasing gravity steps. They
also decreased grip force when they expected decreasing gndty steps, but not as
much as they could, indicating imperfect anticipation in tht condition. The participants'
performance could rather be explained by a combination of stcessful scaling of grip
force according to gravity changes and a separate safety faor. The data suggest that
in highly unfamiliar dynamic environments, grip force redation is characterized by a
combination of a successful anticipation of the experienaag environmental condition, a
safety factor re ecting strategic response to uncertaings about the environment and
rapid feedback mechanisms to optimize performance under costant conditions.
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INTRODUCTION high correlation between time series of grip and load forces
and, in particular, a linear relationship between peaks op gri
We can easily lift a bulb and subsequently handle a hammér witforce and load force (or their rst derivative). The lack ofify
appropriate grip forces. Motor adaptation and context switchingforce adjustment is observed either through accidentgissli
often occur when we interact with the environment. However,or abnormally high safety margins. One such situation can
robot-based experiments demonstrate some limitations @f thpe generated by the well-known size-weight illusion panadig
brain to ConCUrrently learn di erent task dynamic@@ndolfo used in Cognitive psych0|ogy_ When participants were asked
et al., 1996; Conditt et al., 1997; Karniel and Mussa-lvaldig Jift a large and a small object, which seemed to be of the
2002, even when explicit cues inform about the expectedsiame material but were designed to have equal weight, peak
dynamics Krakauer et al., 1999; Osu et al., 2Z)(Bome other grip and load force rates were initially scaled to object,size
contexts, however, allow the motor system to learn di erentwhereas after four trials, these signals were similar ferttho
dynamiCS if these are associated with distinct to&llsltlk etal., objects and appropriate|y scaled to object Weigﬁtaoagan
2009, objects fhmed et al., 2008 control policies (Vhite and  and Beltzner, 2000 Recently, the perception of heaviness—
Diedrichsen, 2013o0r e ectors (Nozaki et al., 2006 Hence, and hence the anticipatory grip force adjustment—has been
participants' abllltyto switch between contexts CritiCEdeendS shown to report more on a mass-volume re|ati0nship than
on experimental details. on visual cuesRlatkiewicz and Hayward, 20)L4After only a
Quite surprisingly, many examples of successful switchingew practice trials, the central nervous system is capable to
were also shown between altered gravity environments despipuild two representations that can be selected on a trial basis
the fact these environments aect the human body in itSypon context. Whether this is the same internal representatio
entirety including many physiological parameters. Paraboliput parameterized by external information or two hard coded
ights and human centrifuges provide unique means tojndependentinternal models remains controversiak(pert and
change the gravitoinertial environment. In parabolic ight Kawato, 1998
the participant is exposed to a repeated gravitational prole Wwhile the importance of vision is not disputed, other
(e.g, 1, 1.8, 0, 1.8, and back to 1g, where 1g is Earfensory information, such as haptics, are processed to
gravity). Similarly, in long arm human centrifuges arbitya re ne representation of internal models underlying object
gravitoinertial environment can be generated (e.g., ge&du manipulation. In the particular contexts of altered graviteitial
or step functions from 1 to 3g). In contrast to robotic environments, vestibular signals inuence motor control
experiments, where only the end-e ector (e.g., the hand) irom planning to task executionBockisch and Haslwanter,
perturbed, parabolic ights and rotating-room environments 2007j. We hypothesize that however radical and new the
plunge the subject into an unexplored setting. Nearly perfecénvironment is, coherent sensory in ows will provide much
and surprisingly quick adaptation of motor responses inmore useful information to the brain to optimize the behavior
those challenging environments were nevertheless olsénve |n other words, visual, haptic, proprioceptive and vestibular
dexterous manipulationf{ermsdarfer et al., 1999; Nowak et al., feedback emerging in a homogeneous environment should
2000; Augurelle et al., 2003; White et al., 2005; Gobel, &046;  yield coherent information to the brain to speed up adaptation
Mierau et al., 2008; Crevecoeur et al., 2009; Barbiero @0dl}  petween unusual dynamics. This result would contrast with
and arm movement task$@paxanthis et al., 1998; White et al.,slower adaptation usually observed when local perturbations
2009. are applied to a subset of sensory modalities (e.g., haptic
A question arises as to why switching is facilitated inperturbation of the hand). Here, we test how participants adapt
radically new contexts whilst it is much more di cult in some tg and switch between unusual dynamical contexts generated
Iaboratory robot-based experiments? Adaptation is a halkmarby rotation of a |0ng_arm human Centrifuge_ We expect that
of successful tuning of internal models. In other WOTdS, OUrparticipants will adopt an Optima| motor Strategy since the rst
brain develops strategies to anticipate and counteract e&fectrial in the new environment, and that this will be re ected

perturbations. To do so, it needs information and time. Vibuathrough tempora| and dynamic variables undeﬂying gnp orc
in ows provide key information to re ne our priors about an ¢ontrol.

upcoming action. For instance, before lifting an object, brain

analyses di erent features such as size(don et al., 1991a)p

shape {enmalm and Johansson, 19@&nd weight distribution MATERIALS AND METHODS

(Johansson et al., 1999l these factors in uence predictive Participants

scaling of ngertip forces in dextrous manipulation. Anfigitory ~ Seven right handed male participants (42.1 yearsSRID 9.3)
grip force adjustments are re ected through complementaryparticipated in this experiment. A medical ight doctor checke
temporal and dynamic variables. For instance, temporal béega their health status before the experiment. The protocol was
include the duration of the preload phase (i.e., period ofreviewed and approved by the Facility Engineer from the Swedis
contact of the ngers with the object before lift-0 ) or the Defence Material Administration (FMV) and an independent
synchronization between peaks of load force and grip fonce. Imedical o cer. The experiment was overseen by a quali ed
predictive manipulation tasks, the preload phase is short anthedical o cer. The study was conducted in accordance witk th
force peaks are perfectly synchronized, whatever the pro le ddeclaration of Helsinki (1964). All participants gave infath
destabilizing load force. Good predictability is also reéestby and written consent prior to the study.
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Centrifuge Facility and Instrumented Rieger, Rheinmiinster, s&gure 1B). The design of the sensor
Obiject guaranteed an accuracy  0.1N, even if the location of

Centrifugation took place at QinetiQ's Flight Physiologicalthe center of force application was o -axis. The load force
Centre in Linképing, Sweden. The centrifuge has a contridlab Was measured along the axis of a stand until object lift-o
swinging gondola at the end of a 9.1m long arfigure 1A  With the same accuracy (MAK 177, rangeSON, 0.1IN).
and seelevin and Kiefer (2002for technical details). Pre- AN accelerometer that measured combined gravitational and
programmed G-pro les could be speci ed and the closed |Oopkinematic accelerations along the object's long axis wasnteal
control of the gondola ensured that the gravitoinertialderwas  inside the test object (AIS326DQ, range80 m/, accuracy
always aligned with body axis (Gz). Participants were strapped0-2 M/$). After lift-o, load force was calculated from the
while seated and cushioning was provided for comfort. TheiProduct of object mass and the gravitational and inertial
electrocardiogram was continuously monitored during tinie ~ 8ccelerations Hermsdorfer et al., 2003 Force sensors were
centrifuge run for safety reasons. One-way video and twp_wacalibrated o -line with calibration weights and acceleratio
audio contacts with the control room were available at aflai ~ Sensors with use of the gravitation vector. All signals were
In order to minimize nauseogenic tumbling sensations dgrin A/D-converted and sampled at a frequency of 120Hz. The
acceleration and deceleration, participants were instaitte  digitized signals were then transmitted to a Palm device
avoid head movements. Furthermore, G-transitions betweeHrougha Bluetooth connection. Data were downloaded after
stable phases were operated below 0.32 g/s until the desited lerecordings to a standard PC for analysis.
was reached.

The wireless test object (ma&s 0.13kg) incorporated a Procedure: Lift Task during Centrifugation
strain gauge force sensor, which measured the grip forcEhe centrifuge was programmed to deliver the same ramp
applied against the grip surfaces (MAK 177, range 0—-100Nip/ramp down Gz-prole for 180s Kigure 10). Participants

Rotation

Descending

Ascending

2.5g
2g 2g
71.5g 1.59
— ‘e
1g —> 1.6s 19
"""""" > 13.4s
1 minute

FIGURE 1 | (A) Centrifuge room and the long-radius (9.1 m) Human Centrifugoperated by QinetiQ. The control room can be seen through #hwindows on the left.
The vector Gz illustrates the direction of the gravitoingel force. (B) Subject seated in the training insert cockpit mock-up in thegondola. The manipulandum (see
enlargement) was held in the right hand and was connected to palm pilot device through a Bluetooth connection. The maniplandum was attached to the wrist and
the palm device was strapped to the left thigh. A piece of whé foam supported the forearm and ensured the manipulandum w&in the same horizontal position
between trials. Written informed consent was obtained fronthe participant on the photo.(C) Time scaled and chronological illustration of the Gz pro leprogrammed
in the centrifuge. The dashed arrow represents the long trasition time from and to 1 g (13.4 s) and the solid arrow represds the fast transitions between altered
gravitoinertial environments (1.6 s).
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were aware of the pro le and could get prepared. The initial 1 gand grip force during the last second of the trial. We theredtan
phases (idle) lasted for 27.4s. Then, the system was cautrollexponential function to the grip force pro le between its pealda
to generate 1.5, 2, 2.5, 2, and 1.59. Each phase lasted 18Resend of the trialGF.t/ D aCbe ©t (Figure 2). This allowed us
and transitions lasted 1.6 s (0.31 g/s). After a last traomsithe  to reliably quantify grip force decay through parametend the
system reached its nal 1g phase and recording stopped aft@lateau phase of grip force with the o set paramedei here was
another 27.4 s period. Note that transitions between 1 andj1.5a good correlation between this last parameter and the agerag
were longer (13.4 s, 0.04 g/s) as they were more likely toc@du grip force during the last second of the trialD 0.83,p< 0.001.
motion sicknessTable 1reports mean and standard deviations of ~ Furthermore, two temporal parameters that characterize the
accelerations recorded during each trial and in each staldese  grip-lift task were extractedHgure 2): the duration of the
of the centrifugation pro le and shows that the environments preload phase (delay between grip force and load force onsets,
were very stable. tLFy  tGR,) and duration of the loading phase (delay between
The operator was provided with feedback about real timdoad force onset and the moment load force equals the object’
gravity and was in continuous verbal contact with the pap#it.  weighttLR, tLFp). Finally, we calculated the cross correlation
At each GO signal (“LIFT!"), the participant adopted a precisionbetween load force rate (reference signal) and grip fortee e
grip con guration to grasp and lift the manipulandum with the shifted grip force rate between t4.F150 ms and tLFC150 ms
thumb on one side and the other ngers or only the indexwith respect to load force rate. This procedure yielded the
on the other side at a comfortable speed (5&gure 1B). The largest coe cient of correlation and the time shift for whichis
elbow remained in contact with the support and the upper armcondition was ful lled. These two values were computed fatea
made an angle of 30 degrees with the horizontal. When the individual trial and provided an estimate of the overall sygye
operator announced the STOP signal (“DOWN!") after aboutof the grip-lift movement. Correlations quanti ed how welligr
2s of stationary holding, the participant gently let the objectand load force pro les matched, which indicated the quality
down on the support. The same task has been extensively useflanticipatory scaling of grip force to load force. Timefthi
in previous investigations/{estling and Johansson, 198Eour
trials were completed during each stable gravitational phase
Between consecutive trials and during Gz-transitions luthte
rst trial in the new environment, participants adopted a reéak
posture with the hand and forearm resting on the ulnar edge,
and the index nger and thumb positioned 2 cm apart from the
instrument grip surfaces.

Data Analysis
Grip force, load force and object acceleration along theicar
axis were low-pass Itered at 20Hz with a zero phase lag
autoregressive lter. The derivatives of the force sigr{dsce
rates) were then computed with a nite di erence algorithm.
Figure 2 presents load force (red trace) and grip force (blue
trace) in a typical trial in 1.5g that resembled those in earlie
studies Qohansson and Westling, 1984; Westling and Johanssd rfIGURE 2 | Grip force (blue trace) and load force (red trace) over timerfa
1984). We rst determined peaks of grip force and load force for single Iift.trial. The rst two vertical cgrsors (tGFo and tL®) enclosg the preloa}d
further analysis (Gfiax, LRuax, Figure 2). Grip force and load fhheaZ;engsNoe;”nstCLi’;e:EgT;vtvo grip force onset ({GFo). Thekding phase is
(two last vertical cursors, seMethods). The
force onsets were identi ed when force rates exceeded 8.4N/ dashed line is the best exponential t to grip force between & peak (GFmax,
for 125 ms (respectively tGFand tLK,). We identi ed the time black dot) and the end of the trial. Parametea provides a more reliable
at which load force rate fell below?2 N/s for at least 125 ms | estimate of grip force reached in the plateau phase than a ctsical average
and subtracted 250 ms to de ne the end of the trial. Load force during the last portion of the trial. The rate of decrease ofrip force following

. [ its maximum was quanti ed by parameter c.
and grip force plateaus were measured as the average lo&d farc

TABLE 1 | Magnitude of the local gravitoinertial acceleration (Gz) each programmed environment in the centrifuge and duringach individual lift (rows).

19 15¢9 29 25¢ 29 15¢9 19
Trial 1 0.98 (0.07) 1.49 (0.07) 2.00 (0.07) 2.51(0.07) 2.00.08) 1.49 (0.08) 0.99 (0.08)
Trial 2 0.98 (0.06) 1.49 (0.07) 2.00 (0.07) 2.51 (0.08) 2.0007) 1.49 (0.06) 0.98 (0.07)
Trial 3 0.98 (0.05) 1.49 (0.07) 2.00 (0.07) 2.51 (0.07) 2.00.06) 1.49 (0.07) 0.98 (0.07)
Trial 4 0.98 (0.05) 1.49 (0.07) 2.00 (0.08) 2.51 (0.08) 1.9906) 1.49 (0.08) 0.98 (0.07)

We rst calculated mean and SD of the accelerations during the trialCells contain the average and standard deviations of the above values acrearticipants (ND 7). The gondola
rotated at a very constant rate during each phase, leading to highly rable and stable environments.
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provided a measure of the asynchrony between the two forces.di erences between conditions. Alpha level was set at 0.05.

positive time-shift indicates that grip force led load fores itis Because the sample size is smalD(7 participants), partial eta-

usually reported in healthy humans in dextrous tasksiansson squared are reported for signi cant results to provide indioa

and Westling, 1988; Forssberg et al., 7991 on e ect sizes. The dataset was visually inspected to ensure
Participants performed four trials in each phase. We wer¢hese parameters were accurately extracted by custom rgutine

also interested to quantify the dierence of grip force peakdeveloped in Matlab (The Mathworks, Chicago, IL).

between the last trial in one environment and the rst trial

in the upcoming environment. We de ned an indexl. GF)

by subtracting grip force peak recorded in the last trial ire th RESULTS

previous gravity level from grip force peak during the rstdti Participants performed a precision grip lifting task when

in the next environmentl GF g D Gﬁfgtf GF{’;;VE We  the gravitoinertial environment was varied with a centgéu

de ned the same index but for load force peals.(F). Figure 3A depicts average load force during the plateau phase
Quantile-quantile plots were used to assess normality of thiy each gravitational environment separately for each tGéhce

data. Repeated-measure ANOVAs were performed on the abovige object was held stationary during that period, the loadéo

variables to test for the e ects of gravity (factor GRAVITY1, re ects the weight of the manipulandum during the respective G-

1.5, 2, or 2.5¢) and trial (factor TRIAD T1, T2, T3 or T4). levels. Consistently, a 3-way RM ANOVA shows that load force

In complementary analyses, we compared the rst, ascending, plateau—or object weight—was only in uenced by GRAVITY

1.5, and 2g phases with the second, descending, 2, 1.5, and [Fg, 131y D 143920.04p < 0.001, 2 D0.99] and not TRIAL

phases (factor PHASE ascending or descending). Participants[Fs, 131)D 0.8,p D 0.494] or PHASEH;1, 131)D 0.3,p D 0.619],

were only faced once to the 2.5 g-phase. Therefore, it was nafth no interaction e ect (allF < 1.6, allp> 0.191). Participants

included in the ANOVA when factor PHASE was considered matched this level of static load force with grip force, asstrated

Post-hocSche é tests were used for multiple comparisons andn Figure 3B. Again, the ANOVA only reported a main e ect

pairedt-test of individual subject means were used to investigatef GRAVITY, F3, 131y D 28.9,p < 0.001, g = 0.49, with no

FIGURE 3 | Mean and SEM of parameters of the task that characterize thelpteau phase (left columnA-C) and when load force reached a maximum (right column,
D-F). Data are presented in chronological order, following theuccessive exposures to 1, 1.5, 2, 2.5, 2, 1.5g and back to 1 g $ame color code as inFigure 1). Data
are also shown separately for each trial in a given environme(C, 1 g). The “ascending” (resp. “descending”) phase comprise the increasing (resp. decreasing)
gravitoinertial environments 1-2.5g (resp. 2.5-19).
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signi cant TRIAL, PHASE or interaction e ect (alF < 2.9, and were lower in the descending phase of the pro le [PHASE,
p> 0.094). The ratio between grip force and load force was nd¥(;, 131yD 5.1,p D 0.025, g D 0.03] with no interaction (all
a ected by any of the factors{gure 3C allF< 0.4, alp> 0.318) F< 0.5, allp> 0.712).
except PHASEH1, 131)D 5.0,p D 0.025, g D 0.03]. We indeed This anticipatory strategy is compatible with the very short
found a small decrease of the safety margin during the platedags observed between load force rate and grip force rate
phase in the second (descending) phase compared to the r¢tmean D 1.7ms, SD D7.3ms) as well as associated high
(ascending) phase (ascending: 1.55; descending: 1.37). correlations (meanD 0.91,SD D 0.1). A two-way ANOVA
Load force depends on gravity (mass x gravitationatevealed that the correlation increased with TRIAtidure 4A,

acceleration) and kinematics through its inertial compohen F3, 93)D 4.2, ©0.008, g D 0.1], was not a ected by GRAVITY
(mass x acceleration). Peaks of load force were on averdge off(3 93D 1.69,p D 0.17] and that the lag was not signi cantly
12.3% larger than load force plateau (compiigures 3AD).  altered Figure 4B all F < 0.51, allp > 0.123]. The ANOVA
The statistical analysis again reported a main GRAVITY e ecglid not report any signi cant result when we excluded trial 1,
on peak load forceHigure 3D, F3 131D 2769.2,p < 0.001, Fz 65D 0.8,pD 0.452.

2D 0.9]. Furthermore, load force peaks were also 8% smaller in The preload phase, i.e., the delay between object- nger(s)
the descending phase PHASE [PHAS: 131)D 7.4,p D 0.007, contact_and the rst increase in I_oad force_, is an important

2D 0.01]. Participants moved the manipulandum in such a waynderlying variable that characterizes a grip-lift task heea
that apart from the somewhat lower acceleration during décenduring this short period of time, physical properties of the
it was not in uenced by any other factor (i< 0.9,p> 0.495). grasped object are encoded by mechanorecepfeigure 4C

Figure 3E shows that grip force peaks were adjusted to loadlepicts average preload phases in the four trials. The ANOVA

force [main e ect of GRAVITY,F( 131y D 18.8,p < 0.001, rezported a signi cant e ect of TRIALF(3¢3 D 3.8,p D 0.013,

2 D 0.2]. Interestingly Figure 3E also shows two additional p D 0.11, with no other e ect (alF < 0.94, allp > 0.423). A
e ects. On the one hand, grip force peaks decreased acroks triRost-hodest showed that the preload phase in trial 1 was longer
during the rst and second exposures to 1, 1.5, and 2 g. On théhan during trials 2-4 (70.9-46.9 ms, 33.8% dipp, 0.041).
other hand, the average level of peak grip force seemed tovee lo 1 "€ most striking nding is that participants could adjust
in the second, descending, phase. An ANOVA con rmed that9"P forc.e to load force fr.om t.he very rst trial in the
grip force peaks decreased with TRIA% 131D 4.7,p D 0.004, new environment. To quantify this ability, we calculateceth

g D 0.08] and were lower in the descending phase of the pro isorrelation between load force and grip force peaks in eackg@ha

. but only for trial 1. We found very good and similar correlatis
[PHASE, F(1, 131)D 5.1,p D 0.025, 7 D 0.03], without any "\ : o phass wh
interaction (allF < 0.5, allp> 0.643)Post-hotests revealed that in the ascending and descending phasegire 9). en we

! . ; . led ph together, th lati chBdd.91 and
trial 1 was marginally di erent from trials 2—4(< 0.045). When pooled phases ‘ogeter, the correlation rea andwas

L o signi cant (p< 0.001).
the ANOVA was conducted only with trials 2, 3, and 4, it yielde : : .-
. ! In the previous sections, we showed that although participants
no results,Fz 977D 0.7,p D 0.496. This e ect is also re ected P ghp P

. . . moved the object consistently across conditions, gripdom@s
in the ratio between grip and load forces when load force w ) y grp

a3 . .
. . X ) 2 ot completely adapted upon entry in the new environment.
maximum [Figure 3F, TRIAL:F(s 131)D 4.8,0D 0.003, ; D 0.09 Indeed, there were genuine di erences between trial 1 and the

and PHASEF(, 13D 7.1,p D 0.009, § D 0.05]. Finally, three following trials in the same conditioigure Gillustrates
we also found that, within trials, grip force decreasedensd average load force (red) and grip force (blue) pro les in the
its value in the plateau in the descending phase [parameter gt trial (T1, solid line) and in the last trial (T4, dashedhk).
exponential decay in ascending vs. descending: 714 ms vss384 fie ypper row reports these time series in the ascending phase
main e ect of PHASEF(y, 131)D 4.6,p D 0.035, 7 D 0.04] with (Figures 6A-D 1, 1.5, 2, and 2.5g) and the lower row depicts
no other e ects (allF < 0.73, allp > 0.588). Altogether, these ihese datain the descending phaBig(res 6E-H 2.5, 2, 1.5, and
results show that participants adopted stereotyped movemenisy) Note that for the sake of clarity and comparison, panels D
from the very rst trial in every gravitational environmergnd  gnq E report data from the same grip and load force pro les in
decreased grip force across trials and exposure accorditi¢to 5 5. WhileFigure 6shows that load forces overlapped between
g-level. trial 1 and trial 4, grip force was always larger in trial 1 quared
The grip force level during the plateau phase was adjusteg i) 4.
more than a second after rst contact occurred with the g quanti ed the participants' ability to switch between
object and this regulation was probably in uenced by feedbac enyironments by analyzing the indekGF that is illustrated
mechanisms. Although grip force peaks occurred rather earljenyeen 1 and 1.5g in the ascending phasEigure 6 between
after lift-o (mean across participant® 273.2ms3DD 58.8ms), panels A and B. We ran an ANOVA with factors PHASE
peak grip force rates, which always occur earlier than grigascending vs. descending) and a new factor that charaetetfie
force peaks (mea 104.2ms,SD D 37.5ms) are therefore yyq environments between whichGF is calculated (SWITCH:
sometimes considered a reliable measure of feedforward 15 15 2 and 2-2.5 g). The ANOVA reported tHaGF
processes. Interestingly, the same analysis as above ledgs signi cantly larger in the ascending phag[34 D 19.05,
even more signi cant conclusions: Peak grip force ratesewer, < 0.001, g D 0.32]. These e ects are illustrated Figure 61
proportional to GRAVITY s, 131D 17.0p< 0.001, § D 0.18], (see alsdrable 2. Similar results were found when peak grip
decreased with TRIALH3, 131)D 4.2,p D 0.007, 2D 0.07] force rates were used to calculate the index. Furthermaréest
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FIGURE 4 | Effects of trial number on the correlatior{A) and lag (B) calculated between load force rate and grip force rate durig the loading phase. Trial 1 had a
lower correlation than trials 2—4(C) The preload phase was the longest during trial 1 in comparisowith trials 2—4.

showed thafl GF was signi cantly larger than 0 in the ascendingparticipants often adopt some security marginthat re ects
phase [mearD 2.33N;t0) D 6.05,p < 0.001, g D 0.65], but task and environmental uncertainties and risk aversioneTh
not in the descending phase (me&n 0.01N;tyg) D 0.02, increment of grip force can therefore follow this simple rdléGF
pD 0.984). This analysis reveals an asymmetric behavior batweD am1 gC b, where the rstterm quanti es prediction based on
phases, suggesting that the peak grip force in the currergxperienced and expected information and the last term inetud
environment is not only planned on the basis of the performanceincertainty.
in the last trial in the previous environment combined witheth We can now test two alternative hypotheses to explain
anticipated e ects of the upcoming gravitoinertial contexts A why 1 GF does not follow the simple model described above
outlined below, a strategy consisting in adopting a safetyggma  (Figure 61). On the one hand, the prediction can be correct and
that is large in the rst trial in a new environment but dissifgs constant but uncertainty can vary. We set the value of tha gai
in the following trials could be relevant. to 1.5, which corresponds to the mean of the grip to load force
A question naturally arises as to why tHisGF is asymmetric ratio in all rst trials in a new environmentigure 3C). Table 2
while step of load forces are symmetric between phases? Tferrect prediction,aml g) reports values of the predictive
ANOVA reported thatl LF, which equalsngc:  mg, calculated term that are proportional tol LF. In order to match the
between peaks of load force, were of course di erent betweerbservedl GF, the second term had to be adaptelalfle 2
the ascending and descending phas$gs 4D 15.6,0 < 0.001, correct prediction, ). Alternatively, if we set an uncertainty
g D 0.97] but did not vary within phaseHpy 34y D 0.43, value to the constant 1.44N that corresponds to uncertainty
p D 0.654] and were symmetrid(fgy D 1.4,p D 0.167]. measured in a normal case (1g), the ternrmlg becomes
Table 2 reports these values df GF. The prediction of what variable, which is caughtin (Table 2 ). Inthe rst hypothesis,
increment of grip force to apply can be based on the expecteghcertainty is rather constant in the ascending phase butgsm
increment of load force. These forces have been shown to lbe a negative value before increasing again in the descgndin
reliably linearly correlated with a gain: 1GF D 1 LF D  phase. Usually, uncertainty decreases over time, when dse ge
.LRc1 LR/, where t denotes the last trial in the previousmore con dence in the task. Instead, our data seem to favor the
context and €1 the rst lift in the next context. We assume second hypothesis. In that case, the internal model is wgongl
that similar accelerations were produced by participantscivhi adjusted, especially in the rst descending st€alle 2 bold and
yields 1LGF D mgc1 mg D amlg. Furthermore, italic row).
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combined object Pavidson and Wolpert, 2004 Grip force
rates were adjusted predictively in the very rst trial foreth
combined object, suggesting they stacked both previoustydd
models. How do we reconcile experimental contexts in which
adaptation needs time and others that do not, or, in other
words, that allow switching? We posit that a fundamental
di erence between these conditions is the availability of
di erent sensory information that allow much more e cient
adaptation.

Here, we asked participants to lift a lightweight object but
in di erent gravitoinertial environments generated by a pn
arm human centrifuge. The dynamics of the system and the
visual environment in the gondola were such that the di erent
gravitoinertial levels were felt like pure gravitationatiements.
Participants are extremely familiar with the employed liffitask
and with this kind of object but not at all with the environmen
Before the experiment, they were told what gravitoinertial &
(amplitude and time course) was implemented in the system.
FIGURES!CorrgIatiQn betweer? load force peaks (x-axis) and grip foec . They were also warned in real time, during the experiment,
peaks (vertical axis) in the rst trial and separately for ecphase. Each point when a new transition was about to occur. All participants had

corresponds to the average across the seven participants ieach of the four L. .
gravitoinertial contexts. The linear regressions were sigcant in both therefore a cognitive knOWIEdge but not (yet) a multlsensory

ascending ¢ D 0.99, p D 0.002, slope D 1.6, offset D 2.2) and descending experience of the task.
phases ¢ D 0.99, p D 0.012, slope D 1.67, offset D 1.68). Vertical and We found a remarkable ability of participants to scale
horizontal error bars correspond to STD. Note that the poinin the upper right their grip force to gravity from the outset. How was that

corner was identical in the ascending and descending phasegonly one 2.5¢g

phase) possible? First, the brain could use information from all sensory

modalities. This task, once the object was contacted by the
ngers, relied mostly on tactile and proprioceptive feedback.
Initial perfect adaptation underlines the importance of that
DISCUSSION sensory modality. This is in agreement with the work meng&dn
above Davidson and Wolpert, 200Q4since in that study,
Humans use many di erent objects in various situations. Forparticipants were prevented from any visual or auditory cue.
instance, when cooking, one hand can move an egg o thélowever, Davidson and Wolpert's experiment was conducted
table and shortly after, manipulate a heavy pan. Fortunatelyn a familiar, terrestrial, environment. Second, particigaalso
the brain developed strategies that allow to anticipate taskiad a theoretical knowledge of the environment. However, it
relevant parameters and adjust the control policy accorgingl was also shown that pure cognitive knowledge about a change
from the very rst instant we start the task. This ability hasen  of context is sometimes insu cient to allow prediction. For
demonstrated in the past in several experimental contexts arnidstance, when participants decreased the weight of a hand-
is formalized by the concept of internal models. In particular, held glass of water by drinking with a straw, they could match
was suggested that the brain can store multiple predictiveetsod the change of weight with grip force which they couldn't when
and select the most appropriate one according to the task at harifting the object after drinking while the object was left ¢me
(Wolpert and Kawato, 1998 table (Nowak and Hermsddrfer, 2003Similarly, the prediction
Importantly, these models are exible. Most of the time,of the e ects of gravity of a falling virtual object was only
participants can learn the appropriate dynamics of a new tasgossible when a physical interaction with the object was reglir
in a matter of a few trials. Quite surprisingly, this also told (Zago et al., 2004 Third, repeating the same trial many times
when the environment is radically altered like in parabolight  triggers use-dependent mechanisnisedrichsen et al., 20)0
(Nowak et al., 2000; Augurelle et al., 2p6Bwhen participants This propensity of performing the same action if it was sucegssf
are confronted to arti cial new dynamics~(anagan and Wing, during the previous trials is responsible for the appearance of
1997. It seems that, after sucient training, participants large errors if a contextual parameter is changed unbeknbwns
can switch between these models e ortlessly. However, forc¢o the participant. While this process may have been used within
eld learning experiments show that two dynamic internal a gravitoinertial phase, it was certainly not the case beiwee
models cannot be learned concurrently unless the posturphases. Altogether, this suggests that multisensory infooma
of the arm is changed between conditionSandolfo et al., is essential to switch between environments. Two learning
1996; Karniel and Mussa-lvaldi, 2004nterestingly, abstract mechanisms may both contribute to adaptation during thisktas
representations of di erent objects can be combined in thebut their respective importance may be weighted di erently.
brain to create a new one, adapted to a new situationPrediction errors are used by error-based learning prosesse
In a nicely designed paradigm, participants trained to liftwhen switching while use-dependent mechanisms are active
objects of dierent masses and were then asked to lift thevithin each constant environment.
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FIGURE 6 | (A—H) Grip force (blue traces) and load force (red traces) over tirplotted in each gravitoinertial environment and for the ns(T1, solid lines) and last (T4,
dashed lines) trial. Traces were the averages across 7 pasipants and the shaded area corresponds to SEM. Notice thatdad force overlapped closely between T1
and T4 in all conditions. The upper ron(A-D) corresponds to the ascending phase and the lower row depictgime series in the descending phasgE—H). For clarity,
since we had only one 2.5 g environmentD,E present the same data. The indext GF (illustrated inA) quanti es the switching between environments and is
calculated as the rst grip force peak in the next environmentat trial 1) minus the last grip force peak reached in the cient environment (at trial 4)(I) Average and
SEM of 1 GF for each of the six transitions. Bar plots are bicolour; fecolor corresponds to the current environment and right céor corresponds to the next
environment (refer to the sketch above).

TABLE 2 | Values of different parameters between two consecutive als in two prediction. On the other hand, there were subtle adjustmemts i
different environments (Trials). grip force (not load force) between the rst trial and the riex
trials, particularly in the second 1 g environment. Namely,kpea
grip force, grip force rate, the grip to load ratio and the oz
amlg(N) N)  amlig(N) (N) phase all decreased after the rst trial and the synergy betwe
both forces improved. At rst sight, this is a counterintuig

Trials 1LF(N) 1GF(N) Correct prediction Incorrect prediction

1-15 070 2.39 0.96 1.44 0.95 144 150 : L ; .
result since participants are again back in a 1g stable and well

15-2 061 2.29 0.96 1.33 085 144 133 : : L .

pos 064 )30 0.6 L34 086 Las 1as known environment. Beside the fact participants experienced a

2_5 '2 0'60 1'12 0‘96 0'16 2'56 1'44 4'01 very stressful environment, a transition between 2.5 an&2d)

2'1_ ’ ' ' ' ' : ) between 1.5 and 1g are very dierent in terms of vestibular

-5 060 0-52 0.9 148 0:92 144 144 inputs. Indeed, the central nervous system interprets 1g as an

15-1  0.66 0.81 0.96 1.77 0.63 144 0.99

absence of rotation and a strong sensorimotor con ict arises.
Are reported: step of LF and GF and the predictiveaml g) and uncertainty () terms W€ made these transitions much smoother to avoid motion
under two different hypotheses (“Prediction correct” and “Predictiomicorrect”). The bold sickness. The suboptimal parameters observed in trial 1 in the
italic row highlights the rst descending step, i.e., between 2.5 and 2g. second 1g environment may re ect the fact participants have
to readjust grip force. Finally, it is also worth mentioninigat
Despite the fact we observed good overall adaptation dfvo trials are necessary before a decay becomes obsermable i
grip force to load force in all phases, there were neverteelepeak grip forces in the rst 1.5g phasé&igure 35, that is,
more subtle exceptions noticeable at two di erent timescalegluring the rst seconds spent in a hypergravity environment.
On the one hand, when comparing equivalent environmentsTherefore, a pure, perfect switch really needs at least oaletari
grip forces were smaller in the second, descending, phase @fcur.
the experiment. This was however a weak although signi cant It is immediately clear inFigure 6 that the change in grip
e ect (low e ect sizes). This is also re ected by a faster decagorce directly after a change of g-level does not directlgate
of grip force to a smaller plateau value. During a paraboliche change in load. It rather seems that the change in grip
ight campaign, the static grip force produced to hold an oltjec force is exaggerated since it is reduced substantially & th
stationary was massively increased during the rst expagen following trials. In all environments, a safety margin, link®
of 0 and 1.8g suggesting a strong e ect of stress induced kself-perception of uncertainty, was obviously employed dyrin
the novel environmental conditiongHermsdorfer et al., 1999 the rst contact with the object in the new gravitoinertial
This increase in grip force levels resolved however quiakipss environment. This margin decreased with time and con dence
the subsequent exposures to the new gravitoinertial comaiti  The only exceptions are the trials in the highest g-levelg2.5
This behavior may re ect habituation and not a change in moto In that extreme situation, participants experienced the hgjhe
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mental and physical stress and may not have relaxed during tretrategy to predict grip forceJashaback et al., 201 This view

duration of the 2.5 g interval.

is not quite compatible with our results, as it does not explain

Interestingly, the shape of the grip force switch washe switching we observe. Another approach consists in setectin
asymmetric between ascending and descending g-changes. Qhe feedforward prediction that is most likely to be correct.
reason may be that the second (descending) phase was nidtis strategy has been shown to occur in sequential object

entirely novel for participant. This is particularly true fohe

lifting. When confronted to lift objects of increasing wahig,

transition from 2.5g down to 2g, since the ascending 2 garticipants expect the next trial to be even heavigia(ase

phase was still in the recent sensorimotor history. Further,
because inertial uctuations were weak, predicting the Wweig

and Karniel, 201 Here, participants that were immersed
in these gravitoinertial contexts could have formed a rééab

could have been su cient to adjust grip force and vestibularrepresentation of the object dynamics in the environmentisTh

a erents are good candidates to allow such prediction of weighcould have provided solid information in order to infer a good
even before the rst movement in the new environment. It prediction and therefore a good switch. This is further suppdrt
seems that a combination of grip force prediction accordiag t by the fact grip forces were even smaller during the second
the change in the gravitoinertial environment and a separatéescending phase. Overall, this view is compatible with the
safety margin can predict the data quite accurately. A simpléct both mechanisms are implemented in parallebghaback

linear model that includes (1) a gain factor which re ecteth

et al., 201y, However, psychological factors such as stress, could

calculation of the grip force change from the load changde responsible for the asymmetry observed in the switching
and (2) a constant magnitude of grip force increase as safebetween ascending and descending phases. One way to address
margin approximate the data well. This factor seems howevehis would be to perform the same experimentidswase and

not constant, but may depend on context like ascending oKarniel (2010)but using decreasing weights in the laboratory
descending g-levels, time in the experiment, or experientle wi environment.

g-changes.

Finally, our data should also be put in the perspective o AUTHOR CONTRIBUTIONS

more theoretical motor control considerations. Despite tieey

new context, participants never dropped the object. In theDW, JH, J-LT, and PL designed the experiment. OW, J-LT and JH

presence of such environmental uncertainty, what strateggsd

recorded the data using the human centrifuge. OW analyzed th

the central nervous system adopt to predict a feedforward grigata. JH, PL, and J-LT discussed the analyses. OW, JH, J-LT, and
force command in the new phase condition? One approaclPL wrote the manuscript.
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