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La science du mouvement
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❑ Relations disciplinaires 
houleuses

❑ Domination des sciences 
naturelles

-------------------------------

❑ De plus en plus 
d’intégration disciplinaire

❑ Connaissances 
fondamentales et 
cliniques



Questions brûlantes

❑ Modèles de coordination et de 
contrôle

Réduction des degrés de libertés, 
Optimisation

❑ Différentes échelles et niveaux
Cerveau - Muscles – Articulations –
Segments – Interaction environnement

❑ Populations & contextes
Au cours de la vie, expertise, pathologies, cultures

❑ Primitives de mouvement
Marcher, courir, se tenir debout, danser, 
jongler, atteindre, saisir, dessiner, 
cuisiner, jongler, peindre, tailler, etc.

Corps en mouvement = 102 x 103 x 1014

❑ Ontologies
Computationnalisme vs. auto-organisation / 
Hiérarchique vs. Hétérarchique / Perception 
directe vs. indirecte, redondance vs. 
abondance, etc.



Challenges actuels dans les sciences du mouvement

ANLLF-2020



Coordination & contrôle
de -150 000 à 0 à 100+

Du gène au comportement

Plasticité cérébrale

ANLLF-2020

Challenges actuels dans les sciences du mouvement



Asymétrie du profil de vitesse
Loi de puissance 2/3

Fractalité du signal moteur

Lois fondamentales du contrôle moteur



Mouvement biologique 
vs. artificiel

Amérique du nord– Europe – Asie

Robotique, HRI, VR, AR

Challenges actuels dans les sciences du mouvement
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Contextes, 

Situations naturelles 
Primitives de mouvement

Wearables

Fouille, IA, & big data

ANLLF-2020
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Embodiment
Dynamique moto-sensorielle

Enaction

Cognition incarnée

Neurosciences sociales ANLLF-2020

Mouvement biologique 
vs. artificiel

Amérique du nord– Europe – Asie

Robotique, HRI, VR, AR
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Sponge Bob, Clone, Single Ladies, 
Cabbage Patch, Valérie, Soulja Boy, 
Dougie, Leonardo, Vogueing, 
Robot, Bump, Hustle, Prep, Cha Cha 
Slide, MC Hammer, Wobble, 
Electric Slide, Cupid Shuffle, Moon 
Walk ?C. Rivero, The Washington Post, 2015

W H A T  Y O U R  M O V E S  S A Y  A B O U T  Y O U
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▪ Affordances

▪ Spécification cinématique de la dynamique

▪ Psychophysique active

▪ Enaction

▪ Contingences sensori-motrices

▪ Perception incarnée

▪ Cognition motrice

▪ Socialité incarnée

▪ Psychiatrie incarnée

▪ Cognition musicale gestuelle

▪ Approche motrice du langage 

▪ La santé en mouvement

▪ Neurones miroirs/ Résonance motrice

▪ Robotique

(Gibson, 1977; Turvey, 1990; Warren, 2006)

(Johansson, 1973; Runeson et al., 1983)

(Flach, 1990: Rasmussen, 1990)

(Varela et al., 1993)

(O’Regan & Noe, 2001)

(Profitt, 2006)

(Wilson, 2002)

(Marsh et al., 2011)

(Isenhower et al., 2012; Varlet et al., 2012)

(Leman, 2007; Dalla-Bella et al., 2007)

(Olmstead et al., 2009 Everett, 2012)

(Studenski et al., 2011)

(Rizzolatti et al., 1992, 1996, 1998)

(Brooks, 1991; Pfeifer, 2001, 2007)

Embodiment
Une nouvelle révolution en sciences cognitives (naturelles et artificielles)



Dans le silence et le mouvement Marcel Marceau (1923 - 2007)



Rythmes et synchronisation
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Entre agents

Interactions humain-avatars et santé mentale

(Slowinski et al., 2016)

Entre musique et 
mouvement

Synchronisation musicalement 
induite des rythmes 

biologiques

Bardy et al., 2015, Dotov et al., 
2017)

Entre les sens

Singularités intermodales

(Stoffregen & Bardy, 2001; 2017)

Sync
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Déficits sociaux dans les synchronisations rythmiques 
interpersonnelles

Time 

Po
si

ti
o

n

Déficits attentionnels, retrait social, Apathie etc.: Schizophrénie, phobie, troubles ASD

Schmidt et al., 1997; 1998; Marsh et al., 2006; Isenhower et al., 2012, Varlet et al., 2012 



stand the processes affected by the pathology. More specifically,

we assumed that the stability of the coordination could be

decreased in schizophrenia because of either (i) a modification of

their preferred frequency of movement due to their motor disorder

[25–26] or (ii) a decrease in the strength of theperceptual coupling

dueto general impairments in attention and visual perception [27–

30]. To investigate these questions, we examined the unintentional

and intentional social motor coordination of individuals with

schizophrenia while coordinating the swinging of hand-held

pendulums with another individual [15,18] (see Figure 1A). We

compared the coordination produced by twenty patients suffering

from schizophrenia (criteria DSM-IV-TR) paired with twenty

healthy participants (schizophrenia group) and the coordination

produced by twenty pairs of healthy participants (control group).

After a practice session in which participants individually swung

pendulums, they were tested first in an unintentional coordination

task and then in an intentional coordination task.

Results

To investigate unintentional social coordination, each pair of

participants performed three 90 strials each containing three 30 s

segments completed continuously [15,31]. For each trial, partic-
ipants were instructed to oscillate their pendulum at a self-selected

comfort tempo and maintain it while they were looking (second

segment) or not looking (first and third segments) at the oscillatory

movementsof their partner. Themassof thependulumswaseither

positioned at the low of the pendulum (P1) or at the middle of the

pendulum (P2) to manipulate the self-selected comfort tempo

(preferred frequencies) of participants. Each participant pair

performed three trials one for each pendulum combination,

P2_P1, P1_P1 and P1_P2 and the angular positions of the

pendulumsof the two participantswere recorded. The order of the

pendulum combinations was counterbalanced across participant

pairs.

To test first whether the preferred frequencies of movements in

schizophrenia could be affected and could destabilize social motor

coordination, we compared the preferred frequencies of patients

and control participants without and before visual interaction (first

segment). A repeated-measures 2 (Group)6 2 (Pendulum) ANOVA

revealed a significant main effect of Pendulum (F(1, 19)= 329.71,

p, .05, g2= 0.95) indicating that in accordance with previous

research the preferred frequency of participants was higher when

the limbs inertial loadings was less (i.e., the mass of the pendulum

Figure 1. Experimental setup and results for unintent ional and intent ional social motor coordinat ion. (A) Participants sat on chairs side-
by-side while oscillating wrist pendulums. Circular variance of the relative phase for the schizophrenia (black) and control groups (white) as a function
of the trial segment for unintentional coordination (B) and of the pendulum combination and the pattern intended for intentional coordination (D).
(C) Phase shifts from the intended pattern of coordination as a function of the pendulum combination for the two groups of participants (Asterisks in
(C) indicate significant differences from zero). Error bars represent standard error.
doi:10.1371/journal.pone.0029772.g001

Social Motor Coordination in Schizophrenia

PLoS ONE | www.plosone.org 2 January 2012 | Volume 7 | Issue 1 | e29772

Varlet et al., 2012



intentional coordination pattern of the schizophrenic group,

further explorations may improve the understanding of the

processes involved. Investigating whether such disorders are

specific to social visual coordination or to visual coordination in

general isan important research direction. In fact, modifications of

intentional coordination in schizophrenia could be due to

impairments of mechanisms mediating both visual and social

visual coordination or may be specific to mechanisms mediating

just social visual coordination. It has been demonstrated that

patients suffering from schizophrenia have impairments of visual

perception of biological motion that can be distinguished from

their general visual perception deficits [46]. More particularly,

mirror neuron system disorders, which corresponds to the brain

area that may also moderate social motor coordination [47–48],

may play a crucial role in such a deficit and in social interactions

deficits in general [49–50].

We have modeled the impairments of schizophrenia patients

here by changes at the level of the coupling function and not

changes in the natural dynamics of the individual oscillators

because our experimental resultsdid not show differencesbetween

the preferred frequencies of patients and control participants.

Although we did not find differences, previous research has

reported slowness in movements of patients suffering from

schizophrenia [25–26]. Such effectsmay depend on themovement

performed and our lack of an effect may be specific to the wrist

pendulum task in which the inertial loading of pendulums that

may have obscured theslownessof patients. It ispossible that using

different tasks(e.g., coordination of postural sways[16,20]), deficits

of the movement itself as well as at the level of the visuo-motor

control may be observed. These questions encourage explorations

to further determine the different origins of impaired coordination

of schizophrenia patients while interacting with other people.

More generally, by examining the coordination dynamics of

swinging of handheld pendulums, this experiment demonstrates

that interpersonal coordination is impaired in schizophrenia

without explicitly showing the consequences of such modifications

on everyday social interactions of patients. It ishowever important

to note that the coordination dynamicsobserved in this laboratory

task reflect the ones observed for example between hand, arm or

postural movements in more ecological situations, which have

been demonstrated asdirectly influencing the success of our social

interactions [1–7,14]. Such coordination moderates the social

cognitive functioning of interacting people by impacting for

instance their feelings of connectedness and interpersonal rapport

[1–4], or the efficiency of their communication [5–7]. In line with

these past results, the current study shows how a motor

coordination disorder may be an important factor in the everyday

social interaction deficits exhibited by patients suffering from

schizophrenia.

Therefore, in addition to future research that aims at a further

understanding of how schizophrenia affects the processes under-

lying social motor coordination, it will be important to develop

rehabilitation protocols that can help improve the social motor

coordination of patients. Although no investigations to our

knowledge have yet explored the learning and rehabilitation of

social motor coordination, previous research that has examined

motor learning may provide interesting research directions [51–

53]. For example, it has been demonstrated that motor learning

can be made more efficient with real-time feedback [53–55].

Accordingly, future therapeutic protocolsusing such feedback may

help to improve the motor coordination in general and social

motor coordination in particular of patients, and thus, increase

their ability to interact with other people in everyday life.

In conclusion, our study provided clear evidence of social motor

coordination impairments in schizophrenia that may help us

understand their social deficits observed in everyday interpersonal

interactions. Our results demonstrate differences between schizo-

phrenic and control dyads in an intentional coordination task—a

task that may be used by clinicians as a marker of schizophrenia

for better diagnostics. In addition, our dynamical modeling of the

results revealed that such pathological intentional coordination

may bedue to a decrease in theamount of information aswell asa

delay in the information transmitted about movements of other

people. Finally, such findings may lead to the development of

rehabilitation protocols improving social motor coordination and

successful social exchanges of patients.

Methods

Ethics statement
All participants provided written informed consent prior the

experiment approved by the local Ethics Committee (CPP Sud

Méditérannée III, Montpellier, France, AFSSAPS 2009-A00513-

54 24, 07/ 22/ 2009) conforming to the Declaration of Helsinki. A

clinician who was experienced in the evaluation of mental illness

assessed by a direct examination of participants, their understand-

ing of all the procedures and capacity to consent. As proposed by

Palmer et al. [56] to assess capacity to consent, each participant

was asked three questions about the hypothetical study: (1) ‘‘What

is the purpose of the study?’’ (2) ‘‘What are the risks?’’ and (3)

Figure 2. Phase shifts from the intended pattern of coordinat ion as a funct ion of the pendulum combinat ion for the schizophrenia
(black) and control groups (white). Phase shifts obtained experimentally (A) and in the simulations with a decrease of the coupling strength (B),
with an increase of the time delay (C) and with both of them (D).
doi:10.1371/journal.pone.0029772.g002

Social Motor Coordination in Schizophrenia

PLoS ONE | www.plosone.org 5 January 2012 | Volume 7 | Issue 1 | e29772

Modèle: couplage d’oscillateurs

Dynamique cycle limite Fonction de couplage

Varlet et al., 2012

Signatures motrices de la schizophrénie



Effet de la similarité sur la synchronisation

Similarité -> Synchronisation -> Affiliation, empathie, liens pro-sociaux

Le jeu en miroir (e.g. Noy et al., 2011)





La musique entraîne le mouvement !

❑ Puissant lien entre rythme & mouvement

❑ Entraînement naturel vers des régimes de 

synchronisations

❑ Universel

❑ Places and cultures

❑ Précoce

❑ Plutôt humain

❑ Concerne tous les humains (avec quelques exceptions)

❑ Motivation, plaisir

❑ Favorise les comportements sociaux

❑ Une circuiterie neuronale dédiée

❑ Capturé par les principes physiques de la synchronisation

e.g., Benzon, 2001; Hove & Risen, 2009; Kirschner & Tomasello, 2009; McNeill, 1995; Nettl, 2000 ; Phillips-Silver 
et al., 2010, 2011; Repp, 2005; Wallin et al., 2000 ; Wing, 2002; Zatorre et al., 2007, 2014



Respiration

Sato et al., 2010

Mouvement

Zatorre et al., 2007

Cerveau

Nozaradan et al., 2013

Posture

Coste et al., 2017

Groupe
Neda et al., 2000



E N T R E M U S I Q U E &  M O U V E M E N T
Bardy et. al., 2015; Dotov et al., 2019; Cochen et al. 2018; Damm et al., 2020

Stabilisation musicale de la course  et du couplage Respiration/Locomotion (LRC)

Sync
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❑ Stabilise les paramètres locomoteurs (e.g., variabilité du pas)

❑ Stabilise les variables de couplage (e.g. LRC) 

❑ Peut améliorer l’efficacité physiologique

❑ Musique (+6%) et métronome (+3%)

❑ Musique: Coordination des rythmes biologiques

La synchronisation musique - mouvement


