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Abstract We examined the interaction between the control of posture and an aiming movement. Balance control was varied by having subjects aim at a target from a seated or a standing position. The aiming diﬃculty was varied using a Fitts’-like paradigm (movement amplitude=30 cm; target widths=0.5, 1.0, 2.5 and 5 cm). For both postural conditions, all targets were within the reaching space in front of the subjects and kept at a ﬁxed relative position with respect to the subjects’ body. Hence, for a given target size, the aiming was diﬀerentiated only by the postural context (seated vs. upright standing). For both postural conditions, movement time (MT) followed the well-known Fitts’ law, that is, it increased with a decreasing target size. For the smallest target width, however, the increased MT was greater when subjects were standing than when they were seated suggesting that the diﬃculty of the aiming task could not be determined solely by the target size. When standing, a coordination between the trunk and the arm was observed. Also, as the target size decreased, the center of pressure (CP) displacement increased without any increase in CP speed suggesting that the subjects were regulating their CP to provide a controlled referential to assist the hand movement. When seated, the CP kinematics was scaled with the hand movement kinematics. Increasing the index of diﬃculty led to a strong correlation between the hand speed and CP displacement and speed. The complex organization between posture and movement was revealed only by F. Berrigan Æ M. Simoneau Æ N. Teasdale (&) Groupe de Recherche en Analyse du Mouvement et Ergonomie (GRAME), De´partement de Me´decine Sociale et Pre´ventive, Division de Kine´siologie, Universite´ Laval, PEPS, Quebec, QC, Canada, G1K 7P4 E-mail: [email protected] Tel.: +1-418-6562147 Fax: +1-418-6562441 O. Martin UFRAPS, Laboratoire Sport et Performance Motrice, UPR-ES 597, Universite´ Joseph Fourier, BP 53, 38041 Grenoble Cedex 9, France



examining the speciﬁc interactions between speed– accuracy and postural constraints. Keywords Posture Æ Hand kinematics Æ Fitts’ law Æ Aiming Æ Movement coordination Æ Human



Introduction How subjects adapt their posture when facing conditions that often need a goal-directed movement is a question that has attracted much interest (Bouisset and Zattara 1981; Massion 1992; Pozzo et al. 2002; Massion et al. 2004). This general research protocol has allowed studying not only the control of posture but also the interplay between posture and movement. This interplay is an important characteristic of most of our daily activities as posture often subserves the voluntary production of goal-directed movements. In several recent experiments, seated subjects pointed to a target located within or beyond reach and trunk movements were incorporated into the goal of pointing (Crosbie et al. 1995; Kaminski et al. 1995; Ma and Feldman 1995; Wang and Stelmach 1998; Archambault et al. 1999). For example, in Ma and Feldman (1995), the hand trajectory and the kinematics of the hand remained fairly constant whether the trunk took part or not in the pointing movement. Similar behaviors were observed when reaching movements were combined with a displacement of the whole body (Marteniuk et al. 2000; Marteniuk and Bertram 2001). The above experiments have suggested to many that the hand can be coordinated with other degrees of freedom to provide a more or less invariant hand trajectory and kinematics. When standing, Pozzo et al. (2002) came to a diﬀerent conclusion. In their experiment, subjects were asked to point with the index ﬁnger of each hand to a wooden dowel placed on the ﬂoor in front of them. The dowel could be at a distance from their toes corresponding to 5 or 30% of their height and subjects pointed at a normal (preferred) or a faster speed. A key observation made by



these authors is that the hand trajectory varied with both the speed and the distance constraints. Also, for the distant targets, the center of mass displacement was not stabilized, but accelerated toward the targets suggesting a strategy consisting of controlling the center of mass acceleration toward the target. Their experiment is important because it suggests a common regulation of posture and spatial components of the movement. It also suggests that balance constraints can play an important role in endpoint trajectory formation. Balance control requirements, whether they subserve or are integrated with the focal movement, also could vary with the characteristics of the focal movement. The study of anticipatory postural adjustments (APAs) provides several empirical evidences of this possibility. For instance, APAs are absent when slow movements are performed (Horak et al. 1984; Crenna et al. 1987). The magnitude of APAs also vary with task constraints such as uncertainty (Brown and Frank 1987) and direction of a perturbation (Lee et al. 1987). This suggests that, somehow, subjects consider the upcoming mechanical eﬀect of the movement on balance control. Concerning the arm movement control requirements, the speed and accuracy of the movement are two constraints that often deﬁne the motor performance. The relationship between these two variables has been formalized as Fitts’ law (Fitts 1954; Fitts and Peterson 1964). Fitts’ law has received a great deal of experimental support for movements in a wide variety of tasks involving upper limb movements (Jagacinski et al. 1980; Meyer et al. 1982; Soechting 1984; Mackenzie et al. 1987; Plamondon and Alimi 1997). More important, it oﬀers a unique opportunity to control and systematically vary the diﬃculty of the aiming task. Within this framework, the log2(2A/W), where A is the amplitude of the movement and W the width of the target, deﬁnes the diﬃculty of the aiming task (ID). In the present experiment, we systematically varied the diﬃculty of the aiming by changing only the target width (amplitude of movement was kept constant at 30 cm). This allowed us to examine if balance constraints imposed by standing upright (as opposed to a seated posture) changes the speed–accuracy relationship deﬁnes by Fitts’ law. The aim of the present experiment was to expand on this work by speciﬁcally examining the nature of the interplay between the control of posture and an aiming movement. Subjects pointed, in the sagittal plan, to a target when seated or when standing upright. In contrast to the seated condition, the upright standing posture required to regulate more degrees of freedom (for instance, knee and ankle joints) and an active control of the CP kinematics. By keeping movement amplitude within the prehension space for the two conditions, there is no need to involve the trunk when aiming to the target. Any changes in the coordination between the body and the posture can be attributed to the added balance control requirements. Fitts’ law states that MT is a linear function of the ID ([log2 2A/W]). It is important to remember that, in the present experiment, IDs were the



same for both postural conditions. The relative position of the aiming board was also kept constant with respect to the subjects’ initial body position. Hence, from Fitt’s law, similar MT versus ID relationships are expected. We hypothesized that the seated posture, because it offers a stable referential for the aiming movement, would yield faster movement times than the upright standing posture. When standing upright, requirements for balance control should arise mostly when the most diﬃcult IDs (smaller targets) are presented. With respect to the CP kinematics and in agreement with hierarchical models (Bouisset and Zattara 1981; Dufosse et al. 1985; Massion 1992) where the postural component subserves the upper limb movement, one could predict a minimization of CP displacement and speed as the target size decreases. This strategy would provide a stable platform for the aiming.



Method Subjects Twelve right-handed adult males, aged 22–34 (mean age=26 years), took part in the study on a voluntary basis. They were naı¨ ve to the purposes of the experiment. They all gave informed consent according to university protocols for participating in the experiment. Apparatus and task A standard Fitts-like paradigm was used for the aiming responses. The board was 25 cm wide and 40 cm long, and positioned horizontally in front of the subject. It included a starting point (radius 5 mm) and four different targets made of aluminium (width of 0.5, 1.0, 2.5 and 5.0 cm, 25 cm large) that could be inserted 30 cm from the starting point. These combinations allowed indices of diﬃculty (ID=log2[2A/W]) of 3.6, 4.6, 5.9 and 6.9 bits, respectively. Aiming responses were made with a stylus having a 1-mm tip. The starting point, the target and the stylus were electrically connected and a voltage signal allowed the precise detection of both the onset and end (target contact) of the movement. For each subject, the edge of the board was 10 cm from the body and 10 cm below the xyphoı¨ d process of the sternum; this relative position of the board with respect to the subject’s body was constant for both postural conditions (Fig. 1, for the standing posture). For the seated condition, a stool was placed on the force platform and its height was adjusted such that the knee angle was about 90. The height of the board was adjusted as well to maintain the board 10 cm below the xyphoı¨ d process. The 3D kinematics of the arm movement and the whole body were obtained with a Selspot II system, using four cameras. Markers were placed only on the right side of the subject’s body: ankle (external malleolus), knee (external inter-joint landmark), hip (anterior



Fig. 1 Schematic representation of the position of the subject for the standing condition and the experimental set-up. The starting point had a radius of 5 mm and four diﬀerent targets made of aluminium (width of 0.5, 1.0, 2.5 and 5.0 cm, 25 cm large) could be inserted 30 cm from the starting point



iliac crest), shoulder (acromio-clavicular process), elbow (lateral epicondyle), hand (distal part of the third metacarpal bone), and on the side of the stylus. CP displacements were evaluated with the help of a force platform (AMTI OR6-5-1 model). Force and moment components were ampliﬁed (Ectron 563H) before being fed to a computer (12-bit A/D conversion). All signals were recorded at 200 Hz. Procedure All movements were performed in an upright standing and a seated context. For all trials, the subject could reach the target with an arm extension only. The task was to aim at the target, after an auditory signal, as fast and as precisely as possible. A trial was started with the stylus in contact with the starting point. An auditory signal (1 kHz, 100-ms duration tone) was the stimulus to start the movement. Ten trials were performed for each ID. Half of the subjects started with the upright standing condition and the other half started with the seated condition. Within a postural condition, blocks of IDs were given randomly.



Hence, subjects performed 80 trials (2 postures · 4 Ids · 10 trials). Subjects were allowed only two errors per block of ten trials. A trial was accepted when the subject hit the target without gliding on the board before or following the contact with the target. At the third error, the condition was stopped and a new block of ten trials was presented; the missed condition was retaken at the end of the session. Overall, 11 blocks of trials were retaken. To prevent fatigue, a short rest was allowed between each block of trials. Data analysis The electrical contacts between the stylus, the starting point and the target were used to determine the start and the end of a movement. The time between the auditory signal and the onset of the stylus movement was deﬁned as the reaction time (RT). The duration between the onset of the stylus movement and the contact with the target was deﬁned as the movement time (MT). The anterior–posterior (A–P) and medio-lateral (ML) displacements of the CP were ﬁltered (fourth-order



Butterworth with a 7 Hz low pass cut-oﬀ frequency with dual-pass to remove phase shift). Force platform data for two subjects were not available because of technical problems. When subjects point to a target, whether it is from a seated or a standing position, the CP is initially moved backward; the hand normally starts during this backward movement. The CP then moves forward. The total CP displacement is the displacement between the CP onset and the forward position of the CP at target contact (Crosbie et al. 1995; Pozzo et al. 2002). Position data for the anatomical landmarks were ﬁltered (fourth-order Butterworth with a 7 Hz low pass cutoﬀ frequency with dual-pass to remove phase shift). The elbow angle was calculated between the arm and forearm segments. The relative hip angle was calculated from the diﬀerence between two angles: (a) the angle of the trunk about the horizontal, and (b) the angle of the thigh about the horizontal. This allowed us to precisely measure the hip angular variation during the movement. Angular velocities were computed with a ﬁnite-diﬀerence algorithm. All curves were visually inspected before calculating the duration of the acceleration and deceleration phases (onset of movement to peak speed and peak speed to target contact, respectively). Because of technical problems with the infrared emitting diode on the lateral epicondyle and on the anterior iliac crest, data for 8 subjects were included for the elbow analyses and 11 subjects for the hip analyses. All signals were synchronized on the hand movement onset. All dependent variables were submitted to two postures (seated and standing) · 4 IDs (3.6, 4.6, 5.9 and 6.9 bits) ANOVAs with repeated measures on both factors. When necessary, post-hoc analysis was performed using a planned comparison.



Results Hand movement characteristics Fitts’ law states that MT is a linear function of the ID ([log2 2A/W]). It is important to remember that, in the present experiment, the IDs were the same for both postural conditions. The relative position of the aiming board was also kept constant with respect to the subjects’ initial body position. Hence, from Fitt’s law, similar MT versus ID relationships were expected. Figure 2a illustrates mean MTs for all IDs for both postural conditions. The main eﬀects of ID [F(3,30)=60.4, P 
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