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Abstract. Explosive movements such as throwing, kick-



ing, and jumping are characterized by high velocity and short movement time. Due to the fact that latencies of neural feedback loops are long in comparison to movement times, correction of deviations cannot be achieved on the basis of neural feedback. In other words, the control signals must be largely preprogrammed. Furthermore, in many explosive movements the skeletal system is mechanically analogous to an inverted pendulum; in such a system, disturbances tend to be amplified as time proceeds. It is difficult to understand how an inverted-pendulum-like system can be controlled on the basis of some form of open loop control (albeit during a finite period of time only). To investigate if actuator properties, specifically the force-length-velocity relationship of muscle, reduce the control problem associated with explosive movement tasks such as human vertical jumping, a direct dynamics modeling and simulation approach was adopted. In order to identify the role of muscle properties, two types of open loop control signals were applied: STIM(t), representing the stimulation of muscles, and MOM(t), representing net joint moments. In case of STIM control, muscle properties influence the joint moments exerted on the skeleton; in case of MOM control, these moments are directly prescribed. By applying perturbations and comparing the deviations from a reference movement for both types of control, the reduction of the effect of disturbances due to muscle properties was calculated. It was found that the system is very sensitive to perturbations in case of MOM control; the sensitivity to perturbations is markedly less in case of STIM control. It was concluded that muscle properties constitute a peripheral feedback system that has the advantage of zero time delay. This feedback system reduces the effect of perturbations during human vertical jumping to such a degree that when perturbations are not too large, the task may
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be performed successfully without any adaptation of the muscle stimulation pattern.



1 Introduction



Our understanding of the way in which biological organisms control their movements has increased significantly in the past decades. Specifically for control of posture as well as control of relatively slow positioning tasks, understanding has been greatly enhanced by equilibrium point theories (Feldman 1986; Bizzi et al. 1992). Furthermore, neural net models have increased our insight into the control of these types of tasks (Bullock and Grossberg 1991) as well as in ways in which central pattern generators might be implemented (Grillner 1981; Reiss and Taylor 1991; Taga et al. 1991). Unfortunately, our understanding of the way in which other biologically important types of tasks are controlled is more limited. One of these task types might be coined "explosive movements", examples of which are throwing, kicking, or hitting an object and jumping. The most obvious kinematic characteristic of explosive movements is that the velocity of the unconstrained end point of a skeletal chain increases continuously, to reach extremely high values at the end of the movement. A second, related characteristic is the short duration of the movement. Execution times for these tasks in humans range from about 40 ms [Muhammed Ali's left jab (Schmidt, 1982)] to about 300 ms [push-off phase in vertical jumping (Bobbert et al. 1986b)]. Thirdly, strong dynamic coupling between the segments occurs. A final characteristic is that, at least in antigravity movements (e.g., throwing, vertical jumping), the skeletal system in its relation to the environment is mechanically analogous to an inverted pendulum. As a result, small disturbances of the state of the system are expected to result in a largely different movement if the same control forces are applied.



196 How do humans succeed in controlling fast movements of the multiple-degree-of-freedom, invertedpendulum-like system that is defined by their musculoskeletal apparatus? And, more specifically, how is it possible that disturbances do not lead to disintegration of the movement? At first sight, one would assume that high-gain feedback loops are required to control such a system. However, although the fastest neural feedback loop (short latency reflex) is known to take only about 40ms (Gottlieb and Agarwal 1979; Wadman et al. 1979), an additional 50 to 100-ms lag exists between the reflex output and the resulting muscle force (Vos et al. 1990). Thus, the time associated with even the fastest neural feedback loop is long compared with the time in which the movement is executed. Moreover, it is well known that, in order to avoid feedback instability, the gain of a "delayed" feedback loop must be kept low (McMahon 1984; Hogan et al. 1987). Therefore, a control scheme based primarily on neural feedback cannot be effective for even the slowest of the explosive movement tasks mentioned. In other words, it must be assumed that some form of preprogramming occurs, resulting in an open loop control signal. For an inverted-pendulum-like system, however, it is hard to understand how open loop control of that system can be successful: any perturbation of the state of the system occurring during execution of the movement is expected to be amplified in time. Contrary to this expectation, disintegration of the movement pattern is never seen when observing execution of explosive movements. In fact, for hitting tasks such as the attacking forehand drive in table tennis, indications exist that variability of the important movement parameters decreases as the instant of ball contact is approached (Bootsma and van Wieringen 1990). Which mechanism, other than neural feedback, can explain how humans manage to control explosive movements? The alternative investigated in this study is that the properties of skeletal muscles play an important role. The basic point is that from a technical point of view, skeletal muscles are not ideal actuators: muscle force does not depend solely and linearly on its (neural) input. Instead, muscle force depends in a nontrivial way on its length and its contraction velocity. When a muscle is below optimum length, as is usually the case (Winters 1990), the force-length relationship results in spring-like behavior with the associated stiffness depending on neural input. The force-velocity relationship by itself defines a (nonlinear) dashpot modulated by neural input. It is easily imagined how these muscle properties can reduce the effects of disturbances occurring during explosive movements. Consider the following examples. Imagine a vertical jump resulting from preprogrammed control of the stimulation of muscles. Application of this control normally leads to a "reference" movement that results from "reference" muscle forces. Now suppose that for whatever reason the knee joint at some instant of time is extended too far relative to the other joints. As a result, knee extensor muscles are shorter than reference. If these muscles are operating below optimum length, this leads to a force lower



than the reference force. As a result knee extension slows down relative to reference, and other joints can "catch up". Or, suppose extension velocity at the knee is too high. Due to its force-velocity relationship, knee extensors will again produce less force than reference and the knee extension acceleration will decrease. Once again, other joints may now catch up. These considerations give rise to the hypothesis that the force-lengthvelocity relationship of muscle, which results in a type of visoelastic behavior, acts to reduce the influence of perturbations on the movement. The idea presented above is not new. In fact, the spring-like behavior resulting from the force-length relationship of muscle is at the heart of the equilibrium point theory of Bizzi et al. (1992). Furthermore, the stabilizing effect of the force-velocity characteristic has been mentioned among others by McMahon (1984) and Hogan et al. (1987). However, it has to our knowledge never been investigated to what extent these muscle properties may contribute to the successful open-loop control of the inverted-pendulum-like musculoskeletal system. In this study, using a modeling and simulation approach, this question is dealt with for a typical explosive movement task: human vertical jumping. This is done by studying the effect of perturbations on the movement pattern. In order to evaluate the specific contribution of muscle properties, calculations are performed for two models: one representing the human musculoskeletal system, in which the muscle properties discussed above are included, and one where muscle properties play no role. 2 Methods



2.1 Description of the task Human vertical jumping is the task investigated in this study. The type of jump studied is the maximum-height squat jump, i.e., a jump starting from a static squatted position, aimed at reaching a maximal height of the body center of mass. As jump height can be calculated from the position and velocity at takeoff, only the push-off phase, which starts when the body center of mass starts moving upward and ends when the feet lose contact with the ground, is considered. The duration of the push-off phase in squat jumping is known to be on the order of 300-350 ms (van Soest et al. 1993).



2.2 Protocol of the stimulation experiment In order to evaluate the role of muscle dynamics in reducing the effect of perturbations applied to the musculoskeletal system in vertical jumping, a direct dynamics simulation approach is used in which the movement of the skeletal system is calculated from the independent control signal. Two kinds of open loop control signals are compared. The first is STIM(t), representing the neural input to the muscles; in this case muscle dynamics is included. The second kind of control signal is MOM(t), representing net joint moments; in this case muscle dynamics is excluded. These open loop control



197 signals are obtained as follows. First, the S T I M pattern yielding the highest squat jump possible when starting from a prescribed static reference position is found through numerical optimization (see van Soest et al. 1993). To solve this dynamic optimization problem, the S T I M pattern is restricted to assume either the initial value (yielding static equilibrium in the starting position) or the maximal value and is allowed to switch only once. The resulting optimal movement pattern will be called "reference movement pattern". This optimal S T I M pattern is used in case of open loop S T I M control. Net joint moments that result from applying this optimal open loop S T I M control are calculated after every integration step. These joint moments are used in case of M O M control, using interpolation to obtain values at any instant of time. See Fig. 1 for a schematic representation of the calculations performed in case of S T I M and M O M control. Using these two control signals, the following simulations are performed. First, it is confirmed that when M O M control is applied to the reference initial state, the resulting movement is identical to the movement resulting from applying S T I M control. In fact, extremely small differences are found that are attributed to the interpolation of the joint moments and other numerical details. Next, it is shown that when perturbations are applied to the system under M O M control, the subsequent movement is seriously affected. All resuits presented in this study concern simulations in which perturbations are applied to the initial position of the skeletal system. Similar results are obtained when perturbations are applied to other variables (e.g., angular velocities). Finally and most importantly, the effect of muscle dynamics on the system's sensitivity to perturbations is investigated. As illustrated in Fig. 1, this is done by applying both S T I M and M O M control to the same perturbed initial positions. Resulting movements are compared with the reference movement, yielding
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Fig. I. Schematic representation of the simulations described in this study. Numbers in parentheses indicate the dimension of corresponding vectors. In the case of STIM (open loop control signal representing neural input to muscles) control (top) the joint moments depend on muscle dynamics, including feedback of skeletal position. In the case of MOM (net joint moment) control (bottom), net joint moments are directlyprescribed as a function of time. These net joint moments were "recorded" from a simulation where STIM control was applied to the unperturbed system. Results presented in this study concern perturbations of initial segment angles (00(4)



deviations. Comparison of these deviations gives an indication of the reduction in effect of perturbations that results from muscle properties. Perturbations are applied to the initial position of the skeletal system as described by segment angles; these segment angles are perturbed one by one by amounts not larger than O.1 rad. As a last step, an impression of the interaction between segment angle perturbations in case of S T I M control is obtained. This is done by applying a limited number of combinations of perturbations to the upper leg and trunk angles. 2.3 Model o f the musculoskeletal system



A model that can be used in simulations of human vertical jumping is described extensively elsewhere (van Soest et al. 1992, 1993 submitted). It consists of a submodel describing the skeletal structure and a submodel describing the behavior of the muscles. The skeletal submodel is two dimensional and consists of four rigid segments connected in frictionless hinge joints. These segments represent feet, lower legs, upper legs, and head-arms;-trunk ( H A T ) segments. The hinge joints represent hip, knee, and ankle joints. At the distal end of the foot segment, the skeletal model is connected to the rigid ground by a fourth hinge joint, representing the metatarsophalangeal joint. Possible ground contact at the heel is modeled as purely elastic. In other words, no energy is dissipated when the heel is in contact with the ground. Acceleration-determining forces are the gravitational forces, the force at the heel in case o f ground contact, and the net moments acting at the joints; these net joint moments represent the net action o f the muscles. This skeletal model has four mechanical degrees of freedom; accordingly, its behavior is described by four second-order differential equations. Derivation of these dynamic equations o f motion is straightforward. In this study, these equations are generated using SPACAR, a software subroutine package developed at Delft University of Technology (van der Werff 1977; van Soest et al. 1992). These dynamic equations of motion express the acceleration of the skeletal system as a function of position, velocity, and active forces. Parameter values for the skeletal model, derived on the basis of anthropometric measurements from six well-trained volleyball players, are summarized in Table 1. Table 1. (n = 6)



Mean segmental parameter values and initial segment angles



Feet Lower legs Upper legs Trunk



Length (m)



Mass (kg)



Icu



XcM



q~o



0.165 0.458 0.485 0.920



2.5 7.1 16.9 55.7



0.02 0.14 0.42 3.90



0.27 0.43 0.43 0.68



2.28 0.84 2.59 0.73



(kg m2)



(rad)



Head and arms are included in the trunk segment. ICM, Moment of inertia, relative to the segment's center of mass; Xcu, position of the segment's center of mass, expressed as a fraction of segment length, measured from the cranial end of the segment; tpo, segment angles taken counterclockwiserelative to the right horizontal
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Table 2. Values of muscle-specific parameters



DHIP Dr~EE DANKLE LCE(OPT) LSLACK FMAX (m) GLU HAM VAS REC SOL GAS



(m)



(m)



(m)



(m)



(N)



0.046 0.046



0.200 0.104 0.093 0.081 0.055 0.055



0.150 0.370 0.160 0.340 0.246 0.382



5000 4000 9000 3000 8000 4000



0.062 0.077



0.026 0.042 0 . 0 3 5 0.042 0.017



GLU, Gluteal muscles; HAM, hamstrings; VAS, vast; REC, rectus femoris; SOL, soleus; GAS, gastrocnemius. D, Average moment arm; LcE(oer ), CE length at which maximal force can be delivered; LsLacx, SEE slack length; FMAX, maximal isometric CE force (two legs)



The skeleton is actuated by six major muscle groups that contribute to extension of the lower extremity. Muscles included in the model are gluteal muscles, hamstrings, vasti, rectus femoris, soleus, and gastrocnemius. A Hill-type muscle model is used to represent these muscles. Input of this model is S T I M , representing neural stimulation of the muscle, and length of the muscle-tendon complex, which depends algebraically on skeletal position. Output of the model is the moment exerted on the skeleton at the joints spanned by the muscle. The model consists of a contractile element, a series elastic element and a parallel elastic element and is described in full detail elsewhere (van Soest et al. submitted). Behavior of the elastic elements is governed by nonlinear force-length relationships. Behavior of the contractile element is more complex. In the first place, it is well known that S T I M does not affect the contractile machinery directly, but rather does so through an "active state", which is defined as the fraction of crossbridges that are attached (Ebashi and Endo 1968). Active state depends on S T I M through first-order dynamics. In this study, the model of this dynamic process proposed by Hatze (1981) is used. In the second place, contractile element contraction velocity depends on active state, contractile element length, and force. As contraction velocity is the time derivative of contractile element length, this relationship defines another firstorder differential equation. Thus, in total the model for one muscle is described by two coupled first-order differential equations. Parameter values for the muscles included in the model were derived on the basis of morphometric data (van Soest et al. 1993); values of the most important parameters are summarized in Table 2. Additional information on the structure of the model is provided in the appendix.



3 Results



An impression of the movement resulting from applying the optimal S T I M pattern to the reference initial state is given in Fig. 2A. Height reached by the body center of mass equals 1.48 m, which amounts to 0.39 m relative to upright standing. In order to show that in case of
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FOOT ANGLE PERTURBED BY 0.01 RAD MOM CONTROL



C



FOOT ANGLE PERTURBEDBY0.01 PAD STIM CONTROL Fig. 2. A Stick-figure representation of the reference movement. Left: starting position; right: position at takeoff; individual figures are linearly spaced in time. Vector, which originates from body center of mass, represents velocity of the body center of mass. B As in A but initial foot angle was perturbed by 0.01 rad, and open loop MOM control was applied. C as in B except that open loop STIM control was applied



absence of muscle dynamics the skeletal system is highly sensitive to perturbations, we perturbed one of the initial segment angles and applied M O M control (muscle dynamics excluded). In Fig. 2B, a stick figure representation is given of the movement resulting from applying M O M control to an initial position in which foot angle was perturbed by as little as 0.01 rad. Comparison with the reference movement leads to the conclusion that the movement is dramatically affected by such a perturbation. The same conclusion can be drawn from Fig. 3. In this figure angular velocities versus joint angles are shown for both the reference movement and the movement resulting from applying M O M control to the
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JOINT ANGLE [RAD] Fig. 3. Joint angular velocityversusjoint angle for the referencemovement(drawn curves) and for the movement resulting when starting from an initial position with foot angle perturbed by 0.01 rad, under condition of open loop MOM control (dashed curves)



perturbed initial state. Although no information on time is present in this figure, it has the advantage that it fully describes the state of the skeletal system. As a consequence of the disintegration of the movement, jump height is seriously affected. Relative to upright standing, jump height is reduced to 0.09 m. Thus, a perturbation of foot angle by as little as 0.01 rad results in a loss of jump height of as much as 77% when muscle dynamics is excluded. The movement pattern resulting from open loop control in the absence of muscle properties is extremely sensitive to perturbations. Having shown that vertical jumping is highly sensitive to perturbations when muscle dynamics is excluded, we can turn to the interesting question of the extent to which muscle dynamics reduces this sensitivity. To answer this question, we perturbed the initial position, applied both M O M and S T I M control, and compared the deviations from the reference movement. A first indication is gained from Fig. 2C, where a stick-figure representation of the movement resulting from S T I M control in case of a 0.01-rad perturbation of foot angle is given. This figure can be compared with Fig. 2B showing the movement resulting from M O M control at the same perturbation. Using a more systematic approach, in Fig. 4 the position at take off is shown for S T I M (Fig. 4A) and M O M (Fig. 4B) control that results from perturbing initial segment angles by



amounts ranging from - 0.1 to +0.1 radians. In all these figures, the center diagram equals the reference position at takeoff. F r o m these figures it is obvious that muscle dynamics reduces the effect of perturbations significantly. This impression is supported by Fig. 4C, where jump height is plotted versus magnitude of perturbation of the initial segment angles. It is interesting to note that comparisons at a global level, i.e., in terms of jump height, may be misleading: from Fig. 4C one may be tempted to conclude that in case of negative (i.e., clockwise) perturbations of trunk angle, S T I M control and M O M control result in virtually the same performance. However, from Fig. 4A and B it is seen that the position at takeoff is affected more when muscle dynamics is excluded. From Fig. 4C it can be seen that a remarkable degree of asymmetry exists in the relationship between jump height and magnitude of perturbation, especially in case of M O M control. This asymmetry is due to the fact that heel contact, which does not occur in the reference solution, acts as an additional stabilizing mechanism. In all cases, the direction of perturbations leading to relatively small changes in jump height was the direction leading to heel contact. Effectively, the restoring force exerted by the ground on the heel can be considered to set a limit to the error that can occur in foot angle. Similarly, the apparently deterministic
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Fig. 4. A Position at takeoff resulting from open loop STIM control as a function of size of perturbation of initial segment angles (top to bottom: feet, lower leg, upper leg, trunk). Perturbations range from - 0 . 1 rad (left) to +0.1 rad (right) with steps of 0.01 rad. Center takeoff position of each set represents refer-
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