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Van Ingen Schenau, G.J., 1989. From rotation to translation: Constraints on multi-joint movements and the unique action of bi-articular muscles (Target article). Human Movement Science 8, 301-337.



Human joints, predominantly, allow rotations to occur. As a consequence, translations of the body centre of gravity or translations of a distal segment relative to the trunk are the result of transformations of rotations in joints into the desired translations. This leads to a number of constraints associated with these transformations which depend on the mechanically formulated task demands. Experimental kinematic and kinetic data on jumping and cycling show that the temporally ordered sequence in timing of leg muscle activation patterns as well as co-activation of mono-articular hip and knee extensor muscles and their bi-articular antagonists are in concert with these constraints. Bi-articular muscles transport the mechanical output of mono-articular muscles to joints where it can effectively contribute to the desired aim of the movement. The universal nature of the constraints is illustrated and some possible consequences for the control of movement are discussed.



1. Introduction The subject of the control of human movement is of central interest to researchers from a variety of disciplines. On different levels of observation neurophysiologists, neuroanatomists, psychologists, biolo* The author likes to express his gratitude to Dr. C.C.A.M. Gielen, Dr. R.H. Rozendal and Dr. H.T.A. Whiting for their helpful comments on this manuscript. The concepts discussed in this article are to a large extent based on work performed by or in cooperation with graduate students (Dr. M.F. Bobbert, Dr. R.W. de Boer and Drs. J.J. de Koning) and undergraduate students (P.J.M. Boots, R.J. Snackers and W.W.L.M. van Woensel). Author’s address G.J. van Ingen Schenau, Dept. of Functional Anatomy, Faculty of Human Movement Sciences, Free University, Van der Boechorststraat 9, 1081 BT Amsterdam, The Netherlands.
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gists and biophysicists attempt to unravel the mysteries of movement control. A major challenge for many of these scientists is to explain how an extremely complex system can become organized to produce coherent and functionally effective behavior (e.g. Whiting 1984; Bingham 1988). To a certain extent many such studies can be qualified as a search for the constraints necessary to master Bernstein’s (1967) problem of how to bring the large (and often redundant) number of degrees of freedom in the human action system under control. Much of the research in this respect has been focussed on neurally based constraints including, for example, the research into the architecture and behavior of neuronal networks, hypotheses about control strategies or functional synergies necessary to minimize neural calculations, and possible relationships between afferent and efferent signals or a mixture of these signals (e.g. Feldman 1980a, b, 1986; Vincken and Denier van der Gon 1985; Grillner and Wallen 1985; Perret and Cabelguen 1980; Berkinblit et al. 1986; Hopfield 1982, 1984; De Luca 1988; Coolen and Gielen 1988; Bizzi et al. 1982, 1986; Mussa-Ivaldi et al. 1985; Flash 1987; Enoka 1983; Pedotti et al. 1978; Hogan 1985; Flash and Hogan 1985; Crowninshield and Brand 1981; Dul et al. 1984a, b; Lee 1984; Jongen et al. in press; Gielen and Coolen in press; Bullock and Grossberg 1988). Many of these authors explain the behavioral variability of innate and voluntary movements to be a result of the tuning of neurally based programmes or networks by extero or proprioceptive information. Others, however, appear to be primarily focussed on constraints which may emerge from the interaction between the actor and his environment (e.g. Reed 1982; Kelso and Tuller 1980, 1984; Fowler and Turvey 1978; Turvey and Kugler 1984; Kelso and Schoner 1988). These interactions (or relations) not only include a strong perception-action coupling (e.g. Reed 1982; Warren 1984; Bootsma 1988) but also the dynamics of the system itself. The tools used to describe these dynamics are based on a physical theory of the spontaneous formation of structure in highly complex systems (e.g. Kelso and Schoner 1988). It is argued that not all constraints which emerge spontaneously in the relation between actor and environment can be predicted by means of extrapolations from system components whose properties mostly are measured in isolation. Though at present the language of these tools (non-linear dynamics) is on a rather abstract level (e.g. Beek and Beek 1988) the experimental examples provided stress the necessity for
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‘top-down’ studies of functionally constrained behavior (Munhall 1986; Bingham 1988): ‘the whole is more than the sum of parts’ (Agarwal and Gottlieb 1986). Given the fact that Bernstein (1967) early on had stressed the influence of external, gravitational and inertial forces on movement kinematics, it is surprising that relatively few attempts have been made using a biomechanical approach to deduce relations between the mechanical goal of a multi-joint movement, the movement kinematics and the underlying driving forces, as proposed by Elftman (1939a, b) and applied by, for example, Winter (1984) and Enoka (1983). This is probably due to the rather hypothetical nature of the concept of the net joint forces, moments and power which result from such an analysis of linked segments using inverse dynamics. Illustrated by examples of two different actions (jumping and cycling), it will be shown how such ‘top-down’ studies have contributed to the discovery of (universal) constraints which reduce the number of redundant degrees of freedom in the extremities. The main aim of this paper is to clarify those constraints which are associated with the transformation of rotations in joints into the desired translation of the body centre of gravity or into the desired translation of a distal segment (foot, hand) or object. The unique and indispensable action of bi-articular muscles in solving the problems associated with these constraints will be explained. In the examples it will be shown that the observed temporally ordered sequence of activation patterns of mono- and bi-articular muscles appears to be highly functional in the light of the constraints and the specific task demands. Although this functional relationship is descriptive rather than explanatory the observed phenomena will be shown to allow a critical discussion of some existing theories on control strategies. 2. The biomechanical



tools



The constraints which are to be discussed in this article were discovered in movement analyses of jumping, skating and cycling. The methodologies used were the same in all cases and were based on inverse Newtonian mechanics using a model consisting of linked rigid segments (foot, lower leg, upper leg and rest of the body). The movements of skilled subjects were filmed with a 16 mm high speed camera operating at 67 frames per second during the analysis of cycling
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and 100 fps during skating and jumping. The camera was placed at right angles to the (sagittal) plane of motion. Two-dimensional coordinates of landmarks placed on anatomical positions and on force plate, skate, pedal etc. were obtained with the help of a motion analyser. Simultaneously, magnitude, direction and point of force application of reactive forces on the foot were measured by force plate or by specially developed force transducers in pedal or skate. The number of muscles from which electromyograms (EMG’s) were obtained differed between the three studies. However, all analyses included the EMG’s of semitendinosus, gluteus maximus, rectus femoris, vastus medialis, gastrocnemius (medial head) and soleus. After high pass filtering (5 Hz, to remove movement artefacts), the raw EMG’s were full wave rectified, sampled and low pass filtered. In the original studies we were mainly interested in temporally ordered changes in activation level. For this reason the EMG’s were normalized to the maximum value attained during a movement (push-off or cycle) which of course obscures eventual differences in EMG-amplitude between the different movements. Film, force and EMG data were synchronized using flashing lights (for the film) and pulses on force and EMG records. For the interpretation of the EMG data presented in this and in the previous studies one should take into account the phase lag between a change in EMG level and the change in mechanical output of the muscle, usually referred to as the electro-mechanical delay (EMD). Most studies on the magnitude of this EMD have been focussed on the time delay between the onset of EMG and the onset of muscle force (see Bell and Jacobs (1986) for references) mainly for muscles crossing the elbow joint. Particulary for cycling, not only the phase shift during the increase of activity but also the phase shift during the decrease in activity should be taken into account. In order to achieve a global measure for the total phase shift between EMG and force signals, we calculated the cross-correlation function between the EMG level of the vastus medialis (derived in the same way as indicated above) and the (simultaneously) measured knee extensor moment in repeated submaximal (mono articular) static knee extensions (approximately one contraction per second). The global measure for the EMD thus derived yielded a mean value in the order of magnitude of 90 ms (mean of five subjects). Segmental parameters (centres of gravity, moments of inertia) were estimated on the basis of data from Dempster (1955) and Clauser et al.
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(1969) and the actual segment lengths and body weights of the subjects. Translational and rotational velocities and accelerations were obtained by differentiation of position data. By successive application of Newtonian equations of motion on foot, lower leg and upper leg, net joint forces and moments in ankle, knee and hip were calculated. Joint powers were calculated as the product of joint moment and angular velocity. Muscle shortening velocities were calculated from (total) muscle lengths. These muscle lengths as a function of angles in the joint(s) that are crossed were obtained on the basis of cadaver studies (Hoogkamer et al. in prep.) using a method as published by Grieve et al. (1978). The EMG, kinematic and kinetic data were first averaged per subject (5-10 jumps or cycles) and subsequently averaged over the subjects. For the sake of readability, the results presented here will be limited to those which are necessary to clarify the constraints. For a complete overview of the results and for more detailed information concerning the methods used the reader is referred to our original papers on jumping (Gregoire et al. 1984; Van Ingen Schenau et al. 1987a; Bobbert and Van Ingen Schenau 1988) skating (Van Ingen Schenau et al. 1985b; De Koning 1988) and cycling (Boots et al. under review; Van Ingen Schenau et al. under review). It should be noted that the aim of the original studies gradually shifted towards an interpretation of the time sequence observed in the kinematic and EMG patterns. Originally we were mainly focussed on large differences in mechanical output in the joints observed when jumping is compared to mono-articular exercises (Van Ingen Schenau et al. 1985a; Bobbert 1988) and later to the paradoxical co-activation of antagonists that occur both in jumping and in cycling and to the question why speed skaters do not fully extend their knees (Van Ingen Schenau et al. 1985b). Though this background may have some influence on the terminology used in the present article, the examples presented below will be discussed on the basis of present insight into the universal nature of the constraints isolated. Part of the deeper understanding of the constraint found in cycling was actually not obtained until the writing of this target article. 3. The vertical jump In the jumping experiments, two-legged jumps with prepatory



the jumpers were asked to perform counter movements while keeping the
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hands on their hips (Bobbert and Van Ingen Schenau 1988). Subjects were encouraged to jump as high as possible. As also reported in previous studies (e.g. Gregoire et al. 1984), push-off (defined as the phase in which the body centre of gravity is accelerated in a vertical direction) begins with the extension of the hip joint at approximately 300 ms preceding toe-off followed by knee extension starting at approximately 200 ms before toe-off and finally followed by an explosive plantar flexion which starts at about 100 ms prior to toe-off. A comparable proximo-distal sequence in joint rotations has also been reported for the upper extremity in overarm throwing (Joris et al. 1985). The time sequence in the onset of positive joint angular velocity appears to be associated with the time sequence in the increases of EMG level of the mono-articular muscles crossing the corresponding joints (fig. 1). EMG-level of hamstring and gluteus maximus is increased between -400 and - 300 ms followed by an increase in activity of rectus femoris and vastus medialis between - 300 and - 200 ms while the rate of change of plantar flexor activity is high between -200 and -100 ms. It has been argued in textbooks on sport biomechanics (e.g. Hochmuth 1967) that jumpers should extend their joints simultaneously in order to optimize the translational velocity of the body centre of gravity (a function of the angular velocities in the joints). Though, from a mechanical point of view, this statement sounds reasonable, it ignores problems associated with the transformation of rotations in joints into the translation of the body centre of gravity. The same is true with respect to the statement that the net impulse (as determined by gravity and the ground reaction force) has to be optimized (Watkins 1983). For this relatively simple movement it will be shown that an unambiguous criterion can be formulated for the mechanical goal of the movement. However, the transfer problems have to be discussed first in order to be able to place the temporally ordered sequence of joint movements in the light of that mechanical goal which is to be optimized. 3. I. From rotations to translations: constraint



A geometrical
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Apart from the significant translational movements which are possible between upper arm and trunk, most joints mainly allow rotations to
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Fig. 1. Ensemble averages of full-wave rectified and low-pass filtered electromyograms of seven leg muscles during the push-off in jumping. Time is expressed relative to the instant of toe-off (t = 0). The vertical bars indicate the standard error of the mean (n = 10). Note that the mechanical response to a change in EMG level may follow after an electro-mechanical delay of 85-90 ms. (After Bobbert and lngen Schenau 1988.)



occur. This means that translations of the body centre of gravity (or translations of, for example, a ball accelerated by the hand) are predominantly a result of the transformation of rotations in joints into these translations. Especially in ballistic movements where the body centre of gravity (or a ball etc.) is to be accelerated from a low or zero
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Fig. 2. Knee angle 0 during the speed skating stroke. Note that the skate loses contact with the ice well before full extension (the continuing extension to 180 o takes place after the skate is lifted from the ice).



velocity to a velocity as high as possible, this transformation is handicapped. This constraint was discovered (by chance) in the speed skating push-off (Van Ingen Schenau et al. 1985b). In a film analysis of the technique of participants in a world championship, it was observed that the skaters lose contact with the ice during push-off well before full extension (fig. 2). It appeared to be possible to explain this phenomenon with the help of some simple goniometry. When projected onto a (moving) sagittal plane, the push-off in speed skating is comparable to the push-off in jumping with respect to the need to accelerate the body centre of gravity relative to the skate by means of an explosive leg extension. In contrast to jumpers, however, speed skaters should keep their trunk in a more or less horizontal position in order to prevent a strong increase in air frictional losses (Van Ingen Schenau 1982). Moreover, speed skaters are taught to push-off during the forward glide in order to be able to achieve higher velocities (up to 55 km/hour) than would be possible when the push-off takes place against a fixed point on the ice. This well known gliding technique requires the suppression of a plantar flexion in order
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to prevent the point of the skate scratching through the ice (Van Ingen Schenau et al. 1985b). This means that the velocity of the body centre of gravity relative to the skate is to a large extent determined by the velocity difference VffA between hip and ankle. This velocity difference is not only a function of the angular velocity d8/dt in the knee joint but it also depends on the knee angle. In mathematical notation this dependency can be deduced by differentiation of the difference in position between hip and ankle (HA) to time. HA can be expressed in terms of the lengths of upper leg (HK) and lower leg (l&f) and knee angle 0 (fig. 2) as follows: HA2=HK2+K42-2HK~KA~cos6’ Differentiating



with respect



V,, = dHA/dt



= [ HK. KA . sin B/CHK2 + KA2 - 2HK. .dB/dt.



to time and rearranging



0) terms: KA .



cos



O]



(2)



The expression placed between brackets determines the transfer of angular velocity into the translational velocity V,,. This transfer function gradually decreases to zero at 0 = 180 o showing that the transfer of angular velocity to the desired translational velocity is less effective the more the knee is extended. This transfer function is based on simple geometrical laws and is therefore defined as a geometrical constraint (Van Ingen Schenau et al. 1987; Bobbert 1988). It will be clear that this geometrical constraint is universal in the sense that it is present in any (human or animal) movement where a translation is to be achieved by means of rotations in joints. In the ‘handicapped’ skating push-off this constraint contributes to an early termination of the push-off. This early termination is not only due to the geometrical constraint but also to the deceleration of knee extension velocity. As illustrated in fig. 3, the knee angular velocity is accelerated from 0 rad/s in the gliding phase of the stroke to approximately 10 rad/s during push-off but is then followed by a strong deceleration to 0 rad/s at full extension. From an anatomical point of view such a deceleration to zero prior to full extension is necessary to prevent a damaging hyperextension of the knee. Especially where relatively large segments (which may contain considerable amounts of rotational en-
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hip and ankle during the push off in speed skating. by the knee angular velocity



angle 6’ (see eq. (2)). Note that the d0/dt
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to 0 rad/s prior to full extension.



ergy) are involved, this need to decelerate the angular velocity has to be accomplished by strong antagonistic activity (imagine what would happen if the 10 rad/s had to be decelerated by passive structures in the knee joint). This necessity for an active deceleration of high angular velocities in joints between relatively large body segments will henceforth be referred to as the anatomical constraint (Van Ingen Schenau et al. 1987a). Fig. 3 shows that VHA as a consequence of these two constraints, reaches its peak value far before full extension. As soon as (the vertical component of) the derivative of VHA equals the gravitational deceleration (- 9.82 m/s2), the skater will lose contact with the ice since the relatively heavy trunk and contralateral leg which are already accelerated to this peak velocity will pull the light push-off skate from the ice. This process is visualized in fig. 4. It will not be difficult to imagine that a comparable phenomenon will occur if one tries to throw a ball
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Fig. 4. The velocity (V,,,) of the trunk (m) of a speed skater relative to the blade of the push-off skate is approximately equal to the velocity difference VHA between hip and ankle. Due to the geometrical and anatomical constraints VHA reaches its peak value well before the knee is extended ( VHa-max). Shortly after this instant the heavy trunk pulls the push-off skate from the ice (V,,



> VHA3).



with a fixed trunk and an immobilized wrist (the ball will leave the hand far before full elbow extension). If one is able to mobilize a third body segment, as is the case in jumping, the inevitable influence of the decrease in velocity V,, can be compensated by a rapid increase in velocity difference between ankle and ground (VA,). The velocity difference I’,, between hip and ground than equals VAG+ VHA. The mean curves for these velocity differences are presented in fig. 5. Since the jumpers start the push-off at much smaller knee angles than the skaters, the peak value of VHA appears to occur already at a mean knee angle of 132”. If no plantar flexion occurs, the feet will lose contact with the ground soon after this instant and a further acceleration of the
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Fig. 5. In jumping the inevitable decrease in the velocity difference VHA between hip and ankle is compensated for by a rapid increase in the velocity difference VA,; between ankle and ground. This results is a continuing acceleration of the velocity difference hetween hip and ground (V,,I, Fig. 10. Relatively



small changes in the direction of an external force F require net moments in the knee and hip joints (see text).



large changes



in



coupled to cycling only (Van Ingen Schenau et al. under review; Boots et al. under review), it was realized during the writing of the present paper that again this concerns a universal constraint which is present in any movement. This constraint is explained with the help of a simplified example. 4.2. Again: From rotation to translation or how to direct an external force Imagine a subject who’s trunk is fixed and supported according to fig. 10. Since the influence of gravity is not essential for the explanation of this constraint, gravity is ignored in this example. Imagine that the subject exerts a force on a force plate (FP in fig. 10) in the direction as
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indicated in fig. 1Oa. With the help of inverse dynamics it can be shown that this has to be performed with a (net) hip extending moment 41 = l/7, . Fl and a (net) knee extending moment Mk, = lk, . F,. If FP were to be displaced in the direction of F, the mono-articular hip and knee extensors are able to support such a displacement by doing positive work. Due to differences in moment arms at hip and knee as indicated above, the bi-articular rectus femoris and hamstrings can also contribute to positive work since they both shorten in such a movement. Now imagine that the force has to be directed according to fig. lob. This situation can only exist with a hip flexing moment Mh2 = l,, . F2 and a knee extending moment Mk2 = l,, . F2. Note that for the same magnitude of external force F the net knee moment has to be considerably larger than in the situation of fig. 10a. If we again imagine that FP has to be displaced in the direction of F, the system appears to arrive at a conflicting situation at the hip. For the desired direction of the force we need a hip flexing moment while for the desired displacement the hip has to be extended. Though such a movement is possible under the influence of the large extending knee moment, it would be extremely inefficient from an energetical point of view if the required net moments at hip and knee had to be delivered by mono-articular muscles only. Work done by the shortening knee extensors would in part be converted into heat in the eccentrically contracting hip flexors. Activation of hip extensors (which are allowed to shorten) would be useless since the net moment at the hip would have to be opposed by a stronger activation of the hip flexors in order to assure the necessary net flexing moment. An opposite situation occurs if force and displacement are directed according to fig. 10~. In that situation one needs a strong hip extending moment and a knee flexing moment although both joints are extended if a displacement in the direction of F takes place. Again a situation where work done at one joint (the hip) is in part dissipated at another joint (the knee) if the net moments were to be delivered by mono-articular muscles only. As explained for joint power (product of net joint moment and joint angular velocity), bi-articular muscles can redistribute the magnitudes of the net moments over the joints that are crossed. The action required in situation lob can be performed with mono-articular muscles which are allowed to shorten by simultaneous activation of rectus femoris. This muscle can assure a flexing moment at the hip and support the
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mono-articular knee extensors in the required large net extending moment. When a large force (and large amount of external work) is required, the shortening hip extensors may even support this movement as long as their contribution to the net hip moment is sufficiently counteracted by the opposing rectus femoris. The movement can be performed without eccentric contractions of mono-articular muscles. In a comparable way the action as indicated in fig. lOc, can be effectively performed without eccentric contractions by activation of the bi-articular hamstrings which assure a knee flexing moment and support the required large extending moment at the hip. These actions of bi-articular muscles are not essentially different from the actions discussed for jumping. For both examples one might state that bi-articular muscles transport the mechanical output of contracting mono-articular muscles (work, power, force) to joints where it can be effectively used to fulfil the specific task demands. This statement appears also to be true for the adjustment of stiffness of the endpoint (e.g. hand) of an extremity (Hogan 1985). The intriguing question now arises to what extent the human action system utilizes this powerful capacity to effectively (and efficiently) direct an external force. Though the answer to this question is one of the aims of our present research, the results obtained for cycling can be judged as a first indication that the muscle activation patterns are indeed tuned to the utilisation of the unique properties of this versatile system. In the first part of the downstroke (0 “-90 o ), the movement of the pedal has a forwards directed component while in the second part the direction is backwards and downwards. In order to direct the force on the pedal accordingly (at least in part) the sequential order of activation of rectus femoris and hamstrings is logical and necessary as long as the monoarticular muscles deliver force only in the phases where they can shorten. As also shown in previous studies (e.g. Gregor et al. 1985) the direction of the force indeed appears to shift from a position between those indicated in fig. 10a and 10b to that as indicated in fig. 10~ the net moment at the knee becoming negative at a crank angle of 130 O. Taking into account an EMD corresponding to 50 O, fig. 9 shows that the force (and power) contribution of the vasti will still be present (though decreasing) at that instant. For reasons of simplicity, the action of the calf muscles was not incorporated in the explanation of fig. 10, since such an incorporation would not influence the arguments essentially. For cycling it should be



noted that the activation patterns of both gastrocnemius and soleus seem to be in concert with the mechanical requirements. Taking the EMD into account, the soleus seems to be activated to produce positive power. However, since the contraction velocities of soleus as well as gastrocnemius are small (less than 0.1 m/s) the contribution to external power is limited. The gastrocnemius is active over a wide range in accordance with the required plantar flexing moment which is positive between approximately 30 o and 290 o (Boots et al. under review). The principles, as indicated in fig. 10, are of course universal in the sense that the problems concerning the required net moments are present in any movement given a particular direction of the external force. In jumping, the changing co-activation patterns which are necessary to solve the problems associated with the geometrical constraint (eq. (2)) have of course also an effect on the direction of the force exerted on the ground. In fig. 11 the reaction force on the feet is indicated for subsequent phases during the push-off. It is obvious that the required direction of this force averaged over time will also constrain the number of degrees of freedom in the push-off. Moreover, this mean direction will be different when leg extensions in different tasks are compared. This constraint based on the desired direction should be kept in mind when attempting to interpret patterns of inter-muscular coordination found in (sprint)running and jumping animals in the light of the geometrical constraint. 5. Conclusions In summary it can be stated that the temporally ordered sequence of EMG patterns found in jumping and cycling seem to be in concert with the indicated constraints and the mechanically formulated specific task demands. Now that the unique action of bi-articular muscles is understood in the light of these constraints, it seems that Partridge (1986) was right in his prophecy that ‘it is probable that we will find that what the nervous and the mechanical systems do together is both reasonable and done in a believable way’.



6. Discussion



As indicated above, the constraints which were discovered in the studies of speed skating, jumping and cycling are universal in the sense



that they are based on simple geometrical and mechanical laws which describe relations between the human action system and the environment, as reduced to the desired direction of the external force and the mechanically formulated goal of the movement. The nature of these constraints is such that they do not constrain the number of degrees of freedom in an absolute sense. One can jump and throw by simultaneous extension of the joints involved. One can also cycle with a force on the pedal which is directed in one particular direction throughout the downstroke. The movements are only constrained if one wants to jump as high as possible, to throw as hard as possible, to cycle economically and more general: to direct an external force without eccentric contractions. In such situations one has to deal (or to learn to deal) with the constraints which can be summarized as: (a) a geometrical constraint describing the transfer of a rotation in a joint into the desired translational velocity (eq. (2)); (b) an anatomically based requirement to (actively) decelerate an angular velocity in joints prior to full extension; (c) the required distribution of net moments in the joints in order to exert the external force in a desired direction (illustrated in fig. 10); (d) the desired average direction of the external force on foot or hand during a proximo-distal sequence of the onset of joint rotations which are necessary to solve the problems associated with the geometrical constraint (illustrated in fig. 11). Clearly, these constraints can considerably reduce the number of redundant degrees of freedom in the extremities in many goal oriented human and animal movements. Especially if the consequences of the last constraint are fully understood, Alexander (1986) may be right that there will appear to be only few surplus degrees of freedom left in many movements. This of course is only the case as long as the human action system succeeds in utilising the unique actions of bi- (or poly-) articular muscles in adjusting the required distribution of net moments and power over the joints. The anatomical architecture of the extremities appears to be highly functional to meet the requirements described for jumping and throwing. For an effective proximo-distal sequence of onset of joint rotations necessary in ballistic movements it was argued that one needs at least three body segments in an extremity as well as bi-articular muscles.
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Fig. 11. The direction of the ground reaction force in a push-off is predominantly determined by the distribution of net moments over the joints. The proximo-distal sequence iti increase of muscle activation as found in vertical jumping (fig. 1) is therefore also reflected by changes in direction of this ground reaction force. Together with gravity the direction of this force determines the direction of acceleration (and final velocity) of the body center of gravity as well as the angular momentum of the body with respect to its center of gravity.



Moreover the more distally located, the higher the necessary angular velocities and accelerations. This appears to be realised by a transport of power to the distally located joints and the release of elastic energy from long tendons of the muscles which cross the wrist or ankle joint and which can give the most distal segments (foot, hand), with their small moments of inertia, a high angular velocity. As indicated above, the effective utilisation of this versatile system requires a distinct temporally ordered sequence in muscle activation. The position taken here is that it would be surprising if we were to find that the human action system did not utilise this system to solve the problems associated with the constraints. In this sense the observed global EMG patterns were judged to be logical in the light of the described constraints. This does not mean that observed sequence reflects an optimal timing. The incorporation of many other factors as well as simulation experiments will be necessary to decide what time sequence would lead to an optimal jumping height or an optimal transfer of muscle power to
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pedal power in cycling (it would be interesting to investigate if the relative timing changes during a learning or training process). Since the constraints are mainly a function of the angles in the joints in relation to the direction of the external force and not, or to a much lesser extent, to the velocity of the movement, one might speculate that the invariance in the temporal structure of a movement sequence as often indicated in the literature (Schmidt 1985; 1986; Kelso and Tuller 1984b; Kelso and Schoner 1988; Ostry and Wilkinson 1986; Shapiro et al. 1981), are associated with the need to solve the problems associated with these constraints. This means that these invariances do not necessarily support the hypothesis of motor or action theorists concerning the organisation of movement control. From the simulation experiments it was clear, however, that manipulations with, for example, added masses or different knee flexion angles in jumping will require differences in optimal relative timing. Present experiments are aimed to investigate if and to what extent the relative timing might be adjusted to such changing circumstances as previously reported for the timing of muscle activity during fast (but less complicated) limb movements (Marsden et al. 1983). As indicated in the introduction section, the examples presented here are descriptive rather than explanatory. As such the results do not shed light on questions as to how these and other movements are organised. However, a few possible implications for existing theories may stimulate the discussion which is to follow this paper. 6.1. The need



for top-down



studies



It has been argued by many authors that the environment may provide an important source of constraint on most movements (e.g. Bernstein 1967; Fowler and Turvey 1978; Kelso and Tuller 1984a; Bingham 1988). Clearly, the constraints presented in this paper would not have been discovered if the movements were not analysed in relation to the external forces (ground or pedal reaction force and gravity), and the mechanical goal of the movement (in the applied inverse dynamics, the influence of inertial forces is implicitely accounted for). Moreover, it is a matter of course that studies on isolated muscles or on monoarticular movements will never shed light on the unique action of bi-articular muscles and the backgrounds of coordination between these muscles and their mono-articular antagonist. Though on



the lower level of description the approach used in this study thus seems to be in agreement with the arguments formulated by so-called action theorists (e.g. Reed 1982; Fowler and Turvey 1978; Turvey and Kugler 1984; Kelso and Schoner 1988) that studies of human movement should include at least the actor, his actions and the environment. It is however difficult for the present author to imagine how ‘cultural’ skills (Van Wieringen 1988) such as cycling and speed skating might spontaneously emerge on the basis of extero- and proprioceptive information or by a free interplay of forces as advocated by these authors. Especially in speed skating it is common knowledge that it takes years before one is able to suppress plantar flexion and to push-off in an effective direction (Van Ingen Schenau et al. 1987b) which seems to point to a neurally based constraint coupling knee extension to plantar flexion in explosive leg extensions. Such hard wired (or learned) neurally based constraints have often been described (e.g. Grillner 1981; Sanes and Jennings 1984; Perret and Cabelguen 1980: Grillner and Wallen 1985). Nevertheless, the approach and the results presented here, support the need for top-down studies. 6.2. Co-uctivution



of untug-onists



Since Bernstein (1967) many authors have stressed the necessity for minimal neural calculation. The results presented in this study may further complicate the intriguing question how we manage to move so well in a world who’s laws are so poorly understood (Bullock and Grossberg 1988). We have to deal with many factors such as internal time constants in neuronal networks and in muscle tendon complexes, intrinsic muscle properties, changing moment arms, effects of prestretch, fatigue, metabolic rates, the need for joint stability and the problem how to handle the overwhelming amount of extero- and proprioceptive information. Following Bernstein (1967) many authors have argued against the predetermination (and internal representation) of all such details in the organisation of movement. One of the most popular hypothesis proposed to (partly) solve this problem, is based on point attractor dynamics (e.g. Munhall 1986). Especially for monoarticular movements but recently also for poly-articular movements many authors reported results in favor of the spring-like behavior of the extremities (e.g. Asatryan and Feldman 1965; Feldman 1980a,b,
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1986; Bizzi 1980; Bizzi et al. 1982; Hogan 1984, 1985; Berkinblit et al. 1986; Bizzi et al. 1986; Mussa-Ivaldi et al. 1985; Flash 1987). In these hypotheses it is assumed that the central nervous system defines an equilibrium point (or a trajectory of subsequent equilibrium points) by (co-)contraction of a set (or a number of sets) of agonist and antagonist muscles. As shown above, both in jumping as well as in cycling significant periods of co-contraction of agonist and antagonist muscles can be observed. Though the necessity for these co-contractions was explained in the light of the constraints, the question may arise to what extent these co-contractions might simultaneously fit in a strategy of control of a shifting equilibrium point. Following Schmidt (1986) one might argue that such a control of a shifting equilibrium point would also require a central representation of the temporal structure. A second argument, however, against the equilibrium point hypothesis in the control of cycling and jumping movements in based on the contraction velocities of the co-contracting sets of agonist and antagonist muscles. An equilibrium position is defined by opposing length-force curves of the agonist and antagonists muscles (Bizzi et al. 1982; Berkinblitt et al. 1986; Vincken and Denier van der Gon. 1985). Therefore the spring-like behavior assumes the lengthening of the antagonists if the agonists shorten and vice versa. During the entire push-off in jumping and during the periods of co-contraction in cycling the described co-contracting agonists and antagonists all shorten. This means that control of an equilibrium point is not likely in these movements (in the knee joint such an action should have to be realised by for example the short head of biceps femoris). As demonstrated before (see Smith (1981) for reference), co-contractions of agonist and bi-articular antagonists often occur and seem not to be constrained by reciprocal inhibition as often stated since Sherrington (1909) (e.g. Fujiwara and Basmajian 1975; and Kumamoto 1984). It is tempting to speculate that in the light of the constraints discussed here, these co-contractions may also appear to be functional and effective in other movements such as walking (Wells and Evans 1987). In this respect it should be noted that in the light of the indispensable action of bi-articular muscles indicated above, man (and animals) would be severely handicapped if bi-articular muscles were to be activated according to the decision algorithm as proposed by these authors (Wells and Evans 1987; Wells 1988). Their algorithm suggests that these muscles are only usefully activated if they support the net
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moments in both joints that are crossed. Fortunately the activation of bi-articular muscles is not dependent on net moments but they rather determine these moments together with their mono-articular agonists and antagonists. 6.3. Final remarks The more one is accustomed to think in terms of net (pure) moments and inverse dynamics, the more the constraints discussed in this article appear to be self-evident. It took several years, however, to gain the insight presented in this paper and it will take many more years to gain insight into the consequences for other types of movement and to incorporate this knowledge in studies aimed to shed light on the intriguing question how the human action system manages to (learn to) deal with these and other constraints. The preliminary position taken here is that it is assumed that these synergistic acts have to be learned. This position is based on the exciting results obtained in research to (or simulation of) parallel processing neural networks and their impressing capacity to learn (e.g. Hopfield 1982, 1984; Grossberg 1985; Bullock and Grossberg 1988; Coolen and Gielen 1988; Gielen and Coolen in press). Based on the present results on jumping and cycling it is tempting to speculate about different processes in learning to control mono- and bi-articular muscles. In both acts all mono-articular muscles are active when they are allowed to shorten and produce positive work (might be learned or controlled on the basis of relatively simple sensory information as for example from muscle spindle afferents). Bi-articular muscles, however, seem to be the major instruments to meet the specific task demands. Learning to control these muscles might be subject of a much more complicated process. Though these remarks of course are highly speculative, some support for different learning and/or control processes might be deduced from studies of walking, running and jumping cats (e.g. Walmsley et al. 1978; Perret and Cabelguen 1980; Spector et al. 1980), activation patterns of mono and bi-articular muscles during cycling at different speeds (Suzuki et al. 1982; Greig et al. 1985) and possibly from the development of coordination of monoand bi-articular musles in children (Thelen 1985).



G.J. uan



IngenSchenau /



From rotation



to transhon



333



References Agarwal, G.C. and G.L. Gottlieb. 1986. Complexity in control of movements. The Behavioral and Brain Sciences 9, 599-600. Alexander, R.McN., 1986. Do legs have surplus degrees of freedom? The Behavioral and Brain Sciences 9, 600. Andrews, J.G., 1987. The functional roles of the hamstrings and quadriceps during cycling. Lombards paradox revisited. Journal of Biomechanics 20, 565-575. Asatryan, D.G. and A.G. Feldman, 1965. Functional tuning of the nervous system with control of movement or maintenance of a steady posture I. Mechanographic analyses of the work of the Joint on the execution of a postural task. Biophysics 10. 925-935. Beek. P.J. and W.J. Beck, 1988. Tools for constructing dynamical models of rhythmic movement. Human Movement Science 7, 301-342. Bell, D.G. and I. Jacobs, 1986. Electra-mechanical response times and rate of force development in males and females. Medicine and Science in Sports and Exercise 18, 31-36. Berkinblit, M.B., A.G. Feldman and 0.1. Fukson. 1986. Adaptability of innate motor patterns and motor control mechanisms. Behavioral and Brain Sciences 9. 585-63X. Bernstein, N.A., 1967. The coordination and regulation of movements. London: Pergamon Press. Bingham, G.P.. 1988. Task-specific devices and the perceptual bottleneck. Human Movement Sciences I, 2255264. Bizzi, E., 1980. ‘Central and peripheral mechanisms in motor control’. In: G.E. Stelmach and J. Requin (eds.), Tutorial in motor behavior. Amsterdam: North-Holland. pp. 131-144. Bizzi, E., W. Chapple and N. Hogan, 1982. Mechanical properties of muscles. Implications for motor control. Trends in Neuroscience 5, 3955398. Bizzi. E., F.A. Mussa-Ivaldi and N. Hogan, 1986. ‘Regulation of multi-joint armposture and movement’. In: H.J. Freund, U. Buttner, H. Cohen and J. Noth (eds.). Progress in Brain Research 64. 345-351. Bobbert, M.F., 1988. Vertical jumping. A study of muscle functioning and coordination. Amsterdam: Free University Press. Bobbert, M.F. and G.J. van Ingen Schenau, 1988. Coordination in vertical jumping. Journal of Biomechanics 21, 249-262. Bobbert, M.F., P.A. Huijing and G.J. van Ingen Schenau, 1986a. A model of human triceps surae muscle-tendon complex applied to jumping. Journal of Biomechanics 18, 8877898. Bobbert. M.F., P.A. Huijing and G.J. van Ingen Schenau, 1986b. An estimation of power output and work done by human triceps surae muscle-tendon complex in jumping. Journal of Biomechanics 18, 8999906. Bobbert, M.F.. E. Hoek. G.J. van Ingen Schenau, A.J. Sargeant and A.W. Schreurs, 1987. A model to demonstrate the power transporting role of bi-articular muscles. Journal of Physiology 387, 24P. Boots, P.J.M.. R.J. Snackers, W.W.L.M. van Woensel, G. de Groat and G.J. van Ingen Schenau, nd. Intermuscular coordination in bicycling. (Submitted). Bootsma, R.J., 1988. The timing of rapid interceptive actions. Perception-action coupling in the control and acquisition of skill. Amsterdam: Free University Press. Bullock, D. and S. Grossberg, 1988. Neural dynamics of planned arm movements: Emergent invariants and speed-accuracy properties during trajectory formation. Psychological Review 95, 49-90. Clauser, C.E., J.T. McConville and J.W. Young, 1969. Weight, volume and center of mass of segments of the human body. Ohio: Wright-Patterson Air Force Base. p. 59. (AMRL-TR-69-70.) Coolen, A.C.C. and C.C.A.M. Gielen, 1988. Delays in neural networks. Europhysics Letters 7, 281-285.



Crowninshield. R.D. and R.A. Brand. 1981. A physiologically based criterion of muscle force prediction in locomotion. Journal of Biomechanics 14. 793-801. De Koning, J.J., G. de Groot and G.J. van Ingen Schenau, 1988. ‘Muscle coordination in elite and tralncd speed skaters’. In: W. Wallinga. H.B.K. Boom and J. de Vries (eds.). Electrophyaiological kinesiology. Amsterdam: Exerpta Medica. pp. 485-488. De Luca. C.J., 1988. ‘The common drive of motor units’. In: W. Wallinga. H.B.K. Boom and J. de Vries. Electrophysiological kinesiology. Amsterdam: Eaerpta Medica. pp. 35-38. Dempster. W., 1955. Space requirements of the seated operator. USAF, WADC. Technical Report 55-159. OH: Wright-Patterson Air Force Base. Dul. J., M.A. Townsend. R. Shiavi and G.E. Johnson, 1984a. Muscular synergism-l. On criteria for load sharing between synergistic muscles. Journal of Biomecanlcs 17. 663-673. Dul, J., G.E. Johnson. R. Shiavi and M.A. Townsend, 1984b. Muscular synergism-II. A minimum-fatigue criterion for load sharing between synergistic muscles. Journal of Biomechanics 17. 675-684. Elftman, H., lY39a. Forces and energy changes in the leg during walking. American Journal of Physiology 125, 339-356. Elftman. H.. 1939b. The function of muscles in locomotion. American Journal of Physiology 125, 357-366. Enoka. R.M., 1983. Muscular control of a learned movement: The speed control systems hypothesis. Experimental Brain Research 51. 135-145. Feldman. A.G.. lY80a. Superposition of motor programs I: Rhytmic forearm movements in man Neuroscience 5, 81-90. Feldman. A.G., 1980b. Superposition of motor programs II: Rapid forearm flexion in man. Neuroscience 5, 91-95. Feldman, A.G., 1986. Once more on the equilibrium point-hypothesis (X-model) for motor control. Journal of Motor Behavior 18. 17-54. Fenn. W.O.. 1938. The mechanics of muscular contraction in man. Journal of Applied Physrcs 9. 165-177. Fick. A.E.. 1879. ijber zweigelenkige Muskeln. Archiv. Anatomie Entwicklungsgeschichte 3, 201-239. Flash. T., 1987. The control of hand equilibrium trajectories in multi-joint arm movements. Biological Cybernetics 57. 257-274. Flash. T. and N. Hogan, 1985. The coordination of arm movements: An experimentally confirmed mathematical model. The Journal of Neuroscience 5, 1688-1703. Fowler, C.A. and M.T. Turvey, 1978. ‘Skill acquisition: An event approach with special reference to searching for the optimum of a function of several variables‘. In: G.E. Stelmach (ed.). Information processing and learning. New York: Academic Press. pp. l-40. FuJiwara, M. and J.V. Basmajian. 1975. Electromyographic study of two-joint muscles. American Journal of Physical Medicine 54, 234-241. Gielen, C.C.A.M. and A.C.C. Coolen. in press. Self organisation in neural networks underlying the coordination of movements. Gregoire, L., H.E. Veeger. P.A. Huijing and G.J. van Ingen Schenau. 1984. The role of mono- and bi-articular muscles in explosive movements. International Journal of Sports Medicine 5. 301-305. Gregor, R.J., P.R. Cavanagh and M. Lafortune. 1985. Knee flexor moments during propulsion in cycling - A creative solution to Lombard’s Paradox. Journal of Biomechanics 18. 307-316. Greig. G.. T. Hortobagyi and A.J. Sargeant, 1985. Quadriceps surface emg and fatigue during maximal dynamic exercise in man. Journal of Physiology 369, 18OP. Grieve. D.W.. S. Pheasant and P.R. Cavanagh, 1978. Prediction of gastrocnemius length from knee and ankle joint posture’. In: E. Asmussen and K. Jorgensen (eds.). Biomechanics VI-A. Baltimore: University Park Press. pp. 405-412.



G.J. uan Ingen Schenau / From rotation to trunslation



335



Grillner, S.. 1981. ‘Control of locomotion in bipeds, tetrapods and fish’. In: V.B. Brooks (ed.). Handbook of Physiology Section 1, Vol. 2: The nervous system. motor control. Baltimore. MD: Waverly Press. pp. 117991236. Grillner. S. and P. Wallen, 1985. Central patterns generators for locomotion. with special reference to vertebrates. Annual Revue of Neuroscience 8, 2333261. Grossberg. S., 1985. The role of learning in sensory-motor control. The Behavioral and Brain Sciences 8. 1555157. Hamley, E.J. and V. Thomas, 1968. Physiological and postural factors in the calibration of the bicycle ergometer. Journal of Physiology 191, 55-57. Hochmuth. G., 1967. Biomechanik sportlicher Bewegungen. Frankfurt/Main: Wilhelm Limpert Verlag. Hof, A.L.. B.A. Geelen and J.W. van den Berg. 1983. Calf muscle moment, work and efficiency in level walking; role of series elasticity. Journal of biomechanics 16, 523-537. Hogan. N., 1984. An organizing principle for a class of voluntary movements, The Journal of Neuroscience 4, 274552754. Hogan, N., 1985. The mechanics of multi-Joint posture and movement control. Biological Cybernetics 52, 315-331. Hopfield. J.J., 1982. Neural network and physical systems with emergent collective computational abilities. Proceedings of the National Academy of Sciences 79, 2554-2558. Hopfield, J.J.. 1984. Neurons with graded response have collective computational properties like those of two state neurons. Proceedings of the National Academy of Sciences 81. 3088-3092. Jongen, H.A.H.. C.C.A.M. Gielen and J.J. Denier van der Gon, in press. Activation of human arm muscles during flexion/extension and supination/pronation tasks: A theory on muscle coordination. Biological Cybernetics. Jorge, M. and M.L. Hull. 1986. Analysis of EMG measurements during bicycle pedalling. Journal of Biomechanics 19, 317-329. JBris, H.J.J., A.J. Edwards van Muyen, G.J. van Ingen Schenau and H.C.G. Kemper, 1985. Force, velocity and energy flow during the overarm throw in female handball players. Journal of Biomechechanics 18, 409-414. Kelso, J.A.S. and G. Schoner, 1988. Self organisation of coordinative movement patterns. Human Movement Science 7, 27-46. Kelso, J.A.S. and B. Tuller, 1984a. ‘A dynamic basis for action systems’. In: M.S. Gazzaniga (ed.), Handbook of cognitive neuroscience. New York: Plenum Press. pp. 321-356. Kelso. J.A.S. and B. Tuller, 1984b. Converging evidence in support of common dynamic principles for speech and movement coordination. American Journal of Physiology 246, R928-R935. Kumamoto, M., 1984. ‘Antagonistic inhibition exerted between bi-articular leg muscles during simultaneous hip and knee extension movement’. In: M. Kumamoto (ed.), Neural and mechanical control of movement. Kyoto: Yamaguchi Schoten. pp. 114-122. Lee, W.A.. 1984. Neuromotor synergies as a basis for coordinated intentional action. Journal of Motor Behavior 16, 1355170. Lombard, W.P., 1903. The action of two-joint muscles. American Physical Education Revue 8, 141-145. Marsden. C.D., J.A. Obeso and J.C. Rothwell, 1983. The function of the antagonist muscle during fast limb movements in man. Journal of Physiology 335, l-13. Munhall, K.G.. 1986. Motor equivalence and goal descriptors. Behavioral and Brain Sciences 9, 615-616. Mussa-Ivaldi. F.A., N. Hogan and E. B&i, 1985. Neural, mechanical and geometric factors subserving arm posture in humans. The Journal of Neuroscience 5. 2732-2743. Nordeen-Snyder, K.S., 1977. The effect of bicycle seat height variation upon oxygen consumption and lower limb kinematics. Medicine and Science in Sports 2, 1133117.



Ostry, D.J. and F.E. Wilkinson, 1986. Can voluntary movement be understood on the basis of reflex organisation? The behavioral and Brain Sciences 9, 618-619. Partridge, L.D.. 1986. Frogs solve Bernstein’s problem. The Behavioral and Brain Sciences 9. 619-620. Pedotti, A., V.V. Krishnan and L. Stork. 1978. Optimization of muscle-force sequencing in human locomotion. Mathematical Biosciences 38, 57-76. Perret, C. and J.M. Cabelguen, 1980. Main characteristics of the hindlimb locomotor cycle in the decorticate cat with special reference to bi-functional muscles. Brain Research 187, 333-352. Reed, ES., 1982. An outline of a theory on action systems. Journal of Motor Behavior 14, 98-134. Sanes, J.N. and V.A. Jennings, 1984. Centrally programmed patterns of muscle activity in voluntary motor behavior of humans. Experimental Brain Research 54. 23-32. Schmidt, R.A., 1985. Identifying units of motor behavior. The Behavioral and Brain Sciences 8, 163-164. Schmidt, R.A., 1986. Controlling the temporal structure of limb movements. The Behavioral and Brain Sciences 9. 623-624. Shapiro. D.C., R.F. Zernicke, R.J. Gregor and J.D. Diestel, 1981. Evidence for generalized motor programs using gait pattern analysis. Journal of Motor Behavior 13. 33-47. Sherrington, C.S., 1909. Reciprocal innervation of antagonistic muscles. Fourteenth note. On double reciprocal innervation. Proceedings of the Royal Society London. Ser. B. 91. 2499268. Smith, A.M., 1981. The co-activation of antagonist muscle. Canadian Journal of Physiology and Pharmacology 59, 7333747.. Spector. S.A., P.F. Gardiner, R.F. Zernicke. R.R. Rog and V.R. Edgerton, 1980. Muscle architecture and force-velocity characteristics of cat soleus and medial gastrocnemius: implications for motor control. Journal of Neurophysiology 44. 951-960. Suzuki, S.. S. Watanabe and H. Saburo, 1982. EMG activity and kinematics of human cycling movements at different constant velocities. Brain Research 240. 245-258. Thelen, E.. 1985. Symplifying assumptions: Can development help? Behavioral and Brain Sciences 8. 165-166. Turvey. M.T. and P.N. Kugler. 1984. ‘An ecological approach to perception and action’. In: H.T.A. Whiting (ed.), Human motor actions. Bernstein reassessed. Amsterdam: North-Holland. pp. 373-412. Van Ingen Schenau, G.J., 1982. The influence of air friction in speed skating. Journal of Biomechanics 15, 449-458. Van Ingen Schenau, G.J. and M.F. Bobbert, 1988. Intermusculaire koordinatie. De sequentie in timing van spieraktievatie in explosieve bewegingen. Geneeskunde en Sport 21, 198-213. Van Ingen Schenau, G.J., M.F. Bobbert and R.H. Rozendal, 1987a. The unique action of bi-articular muscles in complex movements. Journal of Anatomy 155, l-5. Van lngen Schenau, G.J., R.W. de Boer and G. de Groot, 1987b. On the technique of speed skating. International Journal of Sports Biomechanics 3, 419-431. Van Ingen Schenau. G.J., M.F. Bobbert. J.B. de Graaf and W.E. Tettero, 1988. ‘The action of bi-articular muscles in explosive movements’. In: N. Berme and A. Cappozzo (eds.), Biomechanits of human movement. Dordrecht: Martinus Nijhoff. Van Ingen Schenau. G.J., M.F. Bobbert, P.A. Huijing and R.D. Woittiez. 1985a. The instantaneous torque-angular velocity-relation in plantar flexion during jumping. Medicine and Science in Sports Exercise 17, 422-426. Van Ingen Schenau, G.J.. G. de Groot and R.W. de Boer, 198513. The control of speed in elite female speed skaters. Journal of Biomechanics 18, 91-96. Van Ingen Schenau, G.J., W.W.L.M. van Woensel, P.J.M. Boots, R.J. Snackers and G. de Groot, n.d. The determination and interpretation of mechanical power in human movement. An application to ergometer cycling. (Submitted.)



G.J. oan lngen Schenau / From rotation to trunslatton Van



331



Wieringen, P.C.W.. 1988. ‘Kinds and levels of explanation: Implications for the motor systems versus action systems controversy’. In: O.G. Meijer and K. Roth (eds.), Complex movement behavior: The motor action controversy. Amsterdam: North-Holland. pp. 87-120. Vincken. H.M. and J.J. Denier van der Gon. 1985. Stiffness as a control variable in motor performance. Human Movement Science 4, 307-319. Walmsley, B., J.A. Hodgson and R.E. Burke, 1978. Forces produced by medial gastrocnemius and soleus muscles during locomotion in freely moving cats. Journal of Neurophysiology 41, 1203-1216. Watkins. J., 1983. In introduction to the mechanics of human movement. Lancaster: MTP Press. Wells, R. and N. Evans, 1987. Functions and recruitment patterns of one- and two-joint muscles under isometric and walking conditions. Human Movement Science 6, 3499372. Wells, R.P., 1988. Mechanical energy costs of human movement: An approach to evaluating the transfer possibilities of two-joint muscles. Journal of Biomechanics 21, 955-964. Whiting, H.T.A. (ed), 1984. Human motor actions. Bernstein reassessed. Amsterdam: North-Holland. Warren, W.H., 1984. Percieving affordances: Visual guidance of stair climbing. Journal of experimental Psychology: Human Perception and Performance 10, 683-703. Winter, D.A., 1984. Kinematic and kinetic patterns in human gait: variability and compensating effects. Human Movement Science 3. 51-76.



























des documents recommandant







[image: alt]





target article from rotation to translation: constraints 

muscles (Target article). Human Movement Science 8, 301-337. Human joints, predominantly, allow rotations to occur. As a consequence, translations of the.










 


[image: alt]





Translation from 6502 to 6809 - RetroWiki 

presents the programming models for each of the processors, ...... PHP. "' Execute Cond Code Translation from 6809. System with which to run your program.










 


[image: alt]





Extending the Translation from SDL to Promela 

water Vehicle (UUV) subsystem speci ed with SDL. ... SDL for industrial applications. ... research group is involved in the design of advanced robotics control ... abstraction via Clarke's abstraction algorithm CGL92] and its implementation ..... The










 


[image: alt]





Biomarker Assay Translation from Discovery to Clinical Studies 

technology and process translation are discussed in this chapter, including .... processes and multiple test systems to study the causeâ€�andâ€�effect relationship.










 


[image: alt]





Extending the Translation from SDL to Promela - SpinRoot 

The developments of embedded reactive systems are subject to a ... software development cycle in order to increase the quality of the design. Our research .... 4. Armelle Prigent, Franck Cassez, Philippe Dhaussy and Olivier Roux c f state1.










 


[image: alt]





Deriving Topological Constraints from Functional ... - Hugues Bedouelle 

neuro and behavioral sciences. ... of health, environment, civil defence and industrial processes. Materials ..... screening for antibodyâ€“antigen interactions using.










 


[image: alt]





Rotation and Translation Mechanisms for Tabletop Interaction - limsi 

achieved (e.g., only polar translations). Therefore when the underlying assumption is violated (e.g., a user at a far edge desires readability of an object without.










 


[image: alt]





Target 

Its muscular, barreled profile at full draw ... One inch of shaft cut from the point end typically weighs 6-7 grains. .... Total Weight (grains)â€”Insert and Point.










 


[image: alt]





First approach to target manipulation system - WP5 

Identification of radiation-durable mechanical and electronic components. Mechanical design of ... VERY IMPORTANT FOR HIGHLY ACTIVATED MATERIALS ...










 


[image: alt]





Article translated from German Segeln Magazine ... - Propelspecialisten 

order not to bump the edge of the pontoon? ... position was determined at a speed of six knots. ... The small differences can be seen better in the detailed chart.










 


[image: alt]





default translation dictionary french to english 

Save this Book to Read default translation dictionary french to english primary dictionnaire traduction par PDF eBook at our Online. Library. Get default ...










 


[image: alt]





New constraints for indentation mechanisms in arcuate belts from the 

Previous studies demonstrated that various factors may play a major role in the ... clockwise rotation of about 7Â°. Later ... Two superimposed compressional stress fields have been recognized. Con- .... cerning the prefolding episode, the distributi










 


[image: alt]





from transport to logistics, from logistics to Supply Chain ... .fr 

1 H1 1 HO 91 x 16.20 m. 1 roro deck 104 x 16.20 ..... DESTIM Equipment damage and repair estimate. DGRECA Dangerous ... IMPDEF EDI implementation guide definition. INFENT ..... Grand Metropolitan Manufacturing, eg. Black and Decker ...










 


[image: alt]





default translation dictionary french to english 

Read and Save Ebook default translation dictionary french to english primary dictionnaire traduction par as PDF for free at Online. Ebook Library. Get default ...










 


[image: alt]





Manager, Corporate Communications & Translation Services Reports to 

Experience in communication through social media applications. â€¢ Familiarity with golf is considered an asset. â€¢ Ã‰valuer, prioriser et attribuer tous les besoins.










 


[image: alt]





Preference Constraints: New Global Soft Constraints ... - CiteSeerX 

Finally, preference-based constraint systems are defined and associated ... flexibility to represent and make complex decisions with computers. .... But for algorithmic efficiency they can be specialized. .... Lecture Notes in Computer Science,.










 


[image: alt]





From USA to France 

COMPARAISONS FRANCE / USA million inhabitant. 0. 25. 50. 75. 100. 125. 150. 175. 200. 225. 250. 275. 300. 325. POPULATION. USA. FRANCE ...










 


[image: alt]





from concept to creation 

May 2, 2006 - I still save my layer masks as selections ... appropriate channel to act as a selection mask for me. ... get the forms to really pop off the page.










 


[image: alt]





Burial and exhumation in a subduction wedge: Mutual constraints from 

precision of rock mechanics data, no progress was made in reducing the ...... Italy), using an ultra-violet laser ablation microprobe 40Ar â€“39Ar techni-.










 


[image: alt]





Constraints on food chain length arising from ... - Nicolas Mouquet 

Mar 4, 2011 - transfers of energy and resources along food chains, whereas the dynamics .... alternate formulations with within-patch trophic cascades.










 


[image: alt]





The Zagros folded belt (Fars, Iran): constraints from topography and 

Feb 14, 2006 - applying the theory of frictional wedges to the Zagros folded belt is ...... shear stress Ï„ b in the basal dÃ©collement is thus given by: Ï„b = Î·salt. V.










 


[image: alt]





Rapid passage signals from a vibrationally excited target molecule: a 

Rapid passage signals from a vibrationally excited target molecule: a pump and probe experiment with continuous wave quantum cascade lasers. R. J. Walker,1 ...










 


[image: alt]





Dose calculations for accidental releases from a mercury target - WP5 

Aug 15, 2006 - lines, red bone mark/infant found on p.14 of this Annex). .... a) Location with dose maximum considering complete food ban (>24 h 










 


[image: alt]





Rare word translation extraction from aligned comparable ... - CiteSeerX 

quency table) will be roughly twice as high as the ... ranked around 100-160 by their algorithm, while the .... 2Available on http://download.wikimedia.org/.










 














×
Report target article from rotation to translation: constraints





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



