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Stability is the ability of a system to return to its original state after a disturbance. Taking vertical oscillations of the centre of mass of a human bending his legs as an example we prove that the intrinsic mechanical properties of musculature can stabilize the oscillatory movement (pre#ex) without re#exive changes in activation. The human is represented by a model consisting of a massless two-segment linkage system (knee) topped by a point mass. Conditions for stability are calculated analytically based on the theory of Ljapunov and the results are illustrated by numerical examples. In order to guarantee a self-stabilizing ability of the muscle}skeletal system, the muscle properties such as force}length relationship, force}velocity relationship and the muscle geometry must be tuned to the geometric properties of the linkage system.  1999 Academic Press



Introduction Static and dynamic stability are important aspects of slow and fast locomotion of humans and animals. In general, stability is a measure that quanti"es the system's ability to return to its prescribed path or condition after a disturbance. In the static situation such as a standing insect, the system will return to its feet and will not tumble after a blow as long as the vertical projection of the centre of gravity is within the polygon of support. A dynamically stable system such as a human walker or runner moves at a certain envisioned trajectory because of the stabilizing action of the central nervous system which pushes the system back to its prescribed path after a disturbance. In the dynamic situation it is
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also important that the system returns to its prescribed condition within acceptable time (Ting et al., 1994). It has been shown that the dimensions of the system, i.e. the mass distribution, the length of the segments, etc., determine points in the workspace of operation that are stable with the aid of linear feedback (Beletsky, 1995; McGeer, 1992). Due to the intrinsic delays of the neuronal control circuits this linear feedback may not be su$cient to guarantee stability during fast movements. However, it has been proposed that muscles may help to stabilize the muscle}skeletal system due to their intrinsic mechanical properties (Loeb, 1995). The force enhancement due to eccentric contractions and the force reduction due to concentric contractions could help to drive the system back to the prescribed path. This would correspond to a very fast internal feedback loop and would facilitate neuronal control. Loeb has coined the term &&pre#ex'' for such a &&zero-delay, intrinsic  1999 Academic Press
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response of a neuromusculoskeletal system to a perturbation'' (Brown & Loeb, 1999). By detailed simulation of a human squat jump, it has been shown that such a jump is indeed much easier to control if the skeletal system is driven by musculature (Van Soest & Bobbert, 1993). In order to prove the self-stabilizing property of muscle as a building block of the musculoskeletal system and in order to specify the mechanical properties leading to this control property, it is necessary to select a su$ciently simple and transparent example. Therefore, we restrict our calculations to a simple model with all the essentials of a dynamic musculoskeletal system: a point mass carried by two massless linkages connected by a joint. This system simulates a human carrying out vertical oscillations by bending his knees. It incorporates the geometry of such a linkage system, the mass, the oscillatory movement generating oscillatory joint loads, and muscles necessary to generate the movement. Furthermore, to guarantee generality it is necessary to follow concepts which are accepted, well established in the investigation of stability of dynamic systems, and can be used to predict analytically the requirements to achieve stability. Such a concept is the theory of Ljapunov (1893). To our knowledge, this is the "rst time that an analytical investigation of the question of stability of the muscle}skeletal system has been addressed in such a general approach and the "rst application of Ljapunov algorithms to such systems. Our calculations prove that muscles are su$cient to stabilize muscle}skeletal systems. Even more important, this e!ect strongly depends on the design of the total musculoskeletal system, i.e. the actual geometrical conditions of the joint and the linkage system, the geometry of the muscle, and certainly its intrinsic properties. Stability can be passively provided only if these properties are closely tuned to each other. The Model As an example of general signi"cance we select a linkage system composed of two massless segments (thigh and shank), a point mass m representing the body and muscles (knee extensors). It



describes in a most simple yet su$ciently accurate way how the force and displacement generated by the muscle transforms into external force and displacement. Thus, the response of our model takes in a modular way the essential muscle properties as well as the gears introduced by geometric conditions into account. GEOMETRICAL TRANSFORMATION



The geometric transformation speci"es the gearing between external and internal load and displacement at the site of the muscle. If a mass is suspended by a muscle, the displacement and force at the mass equals to the displacement and force of the muscle. There is no geometric transformation. A simple lever changes this relationship by a factor. In our more complicated example, the geometric transformation between the external and internal force increases monotonically with changing leg extension (Sust, 1996; Wagner & Blickhan, 1998; Wank & BoK rner, 1998). In general, the geometric transformation between the ground reaction force F and the muscle force f for vertical movements can be described K by a function G(X): F(X,


(30)



Assuming that f (X )"1 we will obtain the J  following solution: G(X )>B f (X , B We may factorize the in#uence of the muscular force}velocity relation f and a function f : & J f "f ) f . K & J



(29)



∀


with G(X )B G(X )   and M(X)" ∀d'0. P(X)" G(X)B G(X)
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Thus, muscle architecture supports the stabilization of the muscle skeletal system (Fig. 5). However, in order to achieve stability, the force} velocity curve, the force}length curve, the muscle architecture and the geometric transformation must be tuned to each other. The term P(X) is arranged within the model at the same place as the geometric transformation G(X). Therefore, it is plausible to assume that P(X) represents something like a second geometric transformation. The pennation angle of the muscle might be the biological basis for this dependence. The term M(X) is multiplied with the muscle force but it does not in#uence the contraction velocity. Furthermore, M(X) is length dependent and therefore we assume that this term may represent the myosin}actin overlap.



ANALYSIS OF COMMON MUSCLE MODELS



Additional passive elements, such as parallel elastic tissues, and neuronal feedback can also stabilize such systems or support stabilization.



Here too, the geometry of the system sets limits to the range of stability. Hill-simple A model ignoring muscle-length dependencies cannot provide stability for eccentric situations. From eqns (25), (26) and (5) we get E  Gf (0, m &T



(35)



E  (G f #Gf )(0. &V m V &



(36)



The terms E, m, G are de"ned to be positive. The function f is negative (11). Therefore, rela&T tion (35) is true. Multiplying eqn (36) with m/E  and rewriting, we will get the following expression: G f (! V f . &V G &



FIG. 5. Forward dynamic simulation of four di!erent disturbances (open arrow) applied to a model consisting of a Hill-type contractile element, a component M(X) representing the force}length dependency, and P(X) representing the muscle architecture, described by eqns (34). Each disturbance is diminished by the model with time, the model is stable as predicted analytically. The disturbances are: (a) DX"0.05 m; (b) DX"!0.05 m; (c) D 
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