






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Effects of replacing 2-joint muscles with energetically ... - Science Direct

synergistic and antagonistic muscles; (b) the idea that nature obeys some law of optimization, for ..... of our two-dimensional results, is currently in progress. 

















 Télécharger le PDF 






 1MB taille
 7 téléchargements
 233 vues






 commentaire





 Report
























ELSEVIER



Human



Movement



Science



13 (1994) 569-586



Effects of replacing 2-joint muscles with energetically equivalent l-joint muscles on cost-function values of non-linear optimization approaches W. Herzog a,*, P. Binding b a Faculty of Physical Education, The University of Calgary, Calgary, Alberta, Canada T2N IN4 b Dept. of Mathematics and Statistics, The University of Calgary, Calgary, Alberta, Canada T2N IN4



Abstract Static, non-linear optimization was used to calculate the forces in muscles and the corresponding cost function values for a two-dimensional musculoskeletal system containing both l-joint and 2-joint muscles, and an energetically equivalent system containing just l-joint muscles. Agonistic muscular activity and co-contraction of pairs of antagonistic muscles were present in the general solutions of a system containing multi-joint muscles; such patterns of activity cannot be observed in a system containing just l-joint muscles. If cost function values are considered to be a measure of some type of physiological effectiveness (as suggested implicitly or explicitly in the literature), then a system containing 2-joint muscles will tend to be more effective than a system containing l-joint muscles, in situations where the directions of the resultant joint moments are equal. In situations where the direction of the joint moments are opposite, the system containing just l-joint muscles tends to be more cost effective than the model containing 2-joint muscles.



1. Introduction



Human and animal musculoskeletal systems are mechanically redundant (Seireg and Arvikar, 1973; Penrod et al., 1974; Crowninshield, 1978; Hatze,
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1977; Patriarco et al., 1981; Pierrynowski and Morrison, 1985): the number of muscles crossing a joint typically exceeds the rotational degrees of freedom of that joint. Therefore, from a mathematical point of view, there is an infinite number of ways in which muscles may interact to generate a specific movement. However, results of experimental studies using electromyography (EMG) or direct muscle force measurements indicate that a given movement is performed using similar activation and force patterns of the muscles involved (Walmsley et al., 1978; Hodgson, 1983; Abraham and Loeb, 1985; Herzog et al., 19931, suggesting that the motor control system has a unique way of performing a given movement task. Mathematical optimization has been used more often than any other theoretical approach to determine individual muscle forces during movement. Optimization approaches are ideally suited to give unique solutions for a mathematically redundant system of equations; but, more importantly, optimization approaches appear to be useful for predicting individual muscle forces, because it has been hypothesized for over one hundred years that movements are performed in such a way that some physiological function is optimized (Weber and Weber, 1835). For example, it has been suggested that muscles are coordinated in such a way that endurance time is maximized (Crowninshield and Brand, 1981) or metabolic cost is minimized (Herzog, 1987) during low level, cyclic movements. Nevertheless, it must be noted here that the use of mathematical optimization approaches for predicting individual muscle forces is the topic of much debate. Its usefulness in representing the actual mechanism of control of muscular forces is not proven. Mathematical optimization was chosen here over many other approaches for the following major reasons: (a> optimization has been used more often than any other theoretical approach to predict individual muscle forces in a system and, therefore, even if mathematical optimization is proven to be the wrong approach in the future, the present analysis will give additional insight into a large number of published models of force-sharing among synergistic and antagonistic muscles; (b) the idea that nature obeys some law of optimization, for example, that the metabolic cost of a low level, normal, everyday movement, such as locomotion is minimized, is very appealing (and if not proven, it is clearly not disproven); and (c> mathematical optimization is the most simple theoretical approach that has received substantial attention in the area of individual force prediction in muscles, and is probably the only approach that can be solved analytically and provide a set of constitutive equations describing the entire system for a
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single configuration (Herzog and Binding, 1992; Herzog and Binding, 1993). Even if one accepts the idea that an optimization approach is feasible to solve for the force-sharing among muscles during movements, the question of “what is optimized during movement” clearly remains unanswered. This paper therefore, should not be interpreted as advocating optimization in general, or a given cost function specifically, it should simply be viewed as providing additional insight into the behaviour of mathematical models that are aimed at solving the force-sharing problem in biomechanics. The models used here have all been published (and justified) earlier. Special emphasis was given to the behaviour of 2-joint versus l-joint muscles. Minimization of a physiological parameter has typically been associated with cost function expressions of the form



i=l



where fi is the force of the ith muscle, ci is typically a constant involving a measure of size or structural property of the muscle of interest, cr is a power 2 1.0, and n is the total number of muscles in the system (e.g., Seireg and Arvikar, 1973; Pedotti et al., 1978). For example, Crowninshield and Brand (1981) associated the following function with maximization of endurance time during walking in a system representing the human lower limb



i=l



(2)



where pi, in this particular case, was associated with the physiological cross-sectional area of the ith muscle; and Herzog (1987) argued that the metabolic cost of movement was minimized for



i=l



where mi represents the variable maximal moment that can be produced by a muscle about the joint(s) of interest as a function of the instantaneous contractile conditions. Eq. (3) is based on the idea that muscle forces must satisfy the resultant joint moments in a given system. Minimization of Eq. (3) will accomplish this task by involving synergistic muscles in such a way that force-sharing among muscles will favour muscles that can produce large moments about
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joints with little forces (Herzog, 1992). If the moments required can be satisfied with a minimal amount of total system muscular force, metabolic energy requirements (i.e., ATP hydrolysed) will also be minimal in an isometric task (Woledge et al., 1985). There is some controversy about the power ((.u, Eq. (1)) that should be used to best represent the known physiological phenomena associated with force predictions of muscles. Aside from LY= 3 (i.e., Eqs. (21, (311, the other value used frequently is (Y= 2 (e.g., Pedotti et al., 1978; Crowninshield and Brand, 1981; and Dul et al., 1984). If we accept that Eqs. (1) to (3) may be associated with optimizing (i.e., minimizing or maximizing) some physiological function associated with effectiveness, then the effectiveness of a task may be defined by the optimal solution of these equations for a given task. In particular, the effectiveness of systems containing single- and multi-joint muscles may be studied and compared with systems containing only single-joint muscles.



2. Background Fig. 1 shows a schematic two-dimensional, musculoskeletal model with six l-joint muscles (l-6) and four 2-joint muscles (7-10). If a force, F, is applied at the distal segment as shown, it produces a counter-clockwise moment about each of the three joints of the system. Static equilibrium in this situation may be maintained by producing clockwise moments using the appropriate muscles. Clockwise moments of the distal segments relative to the neighbouring proximal segments may be produced by all of the odd-numbered muscles in Fig. 1; these muscles are defined as the agonists (Andrews and Hay, 1983). Correspondingly, all even-numbered muscles are the antagonists in this situation. Using a non-linear optimization approach with a cost function corresponding to Eq. (2) (Crowninshield and Brand, 1981) and constraint equations requiring that static equilibrium of the system be maintained, one set of general solutions requires that force is produced in muscle 4, an antagonist in this situation. We have shown analytically that this particular minimal cost solution involving antagonistic muscular activity can occur only because of the 2-joint muscles in the system (Herzog and Binding, 1992). Therefore, the most effective (i.e., minimal cost) solution in this case is associated with antagonistic muscular activity which can be predicted only because of the existence of multi-joint muscles in the system.
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F--u Fig. 1. Schematic, two-dimensional musculoskeletal model that contains multi-joint muscles and was used to demonstrate antagonistic muscular activity (Herzog and Binding, 1992) using static non-linear optimization. l-joint muscles are shown in black, 2-joint muscles in white. Muscles insert into the segments wherever they are shown to come into contact with a segment.



In a similar but simpler two-dimensional model containing two joints, four l-joint muscles (muscles l-41, and two 2-joint muscles (muscles 5 and 6, Fig. 2), we demonstrated analytically that co-contraction of antagonistic pairs of muscles was an effective way to accomplish many motor tasks (Herzog and Binding, 1993). Using the same non-linear optimization approach as above, moments of opposite direction at the two joints were typically accommodated by co-contraction of muscles 5 and 6 (Fig. 2). One notable exception existed whenever the moment arms of muscles 5 and 6 were identical in magnitude at corresponding joints. Co-contraction of l-joint muscles cannot be predicted using a non-linear optimization approach of the form shown in Eq. (1) because it would always result in an increase in the cost function value, and thus in the perceived effectiveness of the system (Herzog and Binding, 1993). The two examples presented above were selected to illustrate that maximal effectiveness (as defined by the optimization approaches chosen) of a musculoskeletal system depends directly on the existence of multi-joint muscles. In these previous investigations, however, no systematic attempt
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was made to replace the multi-joint muscles with energetically equivalent single-joint muscles. Studies in which a single 2-joint muscle was replaced by a single l-joint muscle have been performed. For example, Van Soest et al. (1993) investigated the influence of the “biarticularity” of the human gastrocnemius muscle on the performance of a vertical jump. Similar approaches were described earlier in the literature (e.g., Bobbert and Van Ingen Schenau, 1988; Pandy and Zajac, 1991). In these investigations, a single movement (vertical jumping) was analyzed for its performance (jumping height) for conditions where the gastrocnemius muscle was used in its normal 2-joint function, and for conditions where the gastrocnemius was replaced by an energetically equivalent single-joint muscle just crossing the ankle but not the knee joint. The advantage of this approach lies in its simplicity; i.e., a single intervention (replacing a 2-joint with a l-joint muscle) was studied for a single movement and a single performance criteria. This advantage, however, may also be seen as a disadvantage, as the results obtained from these studies cannot be generalized to other muscles or movements, or even to the same muscle for a movement other than vertical jumping. The purpose of this study was to investigate analytically the effects of replacing multi-joint muscles with energetically equivalent l-joint muscles on the cost function values of non-linear optimization approaches in a two-dimensional musculoskeletal system. The advantages of this approach to studying the behaviour of systems containing multi-joint muscles versus systems containing just single-joint muscles are as follows: (a> static, nonlinear optimization approaches are widely used to calculate individual muscle forces during human and animal movement; (b) general solutions may be obtained for any movement; and Cc>solutions for systems containing several degrees of freedom and a high redundancy may sometimes be calculated analytically, thus providing the possibility for complete analysis of the system behaviour. The biggest limitation to this approach (as to any other mathematical modelling approach) is that the solutions obtained are correct only within the selected mathematical framework (i.e., the model). 3. Methods 3.1. Model The two-dimensional model shown in Fig. 2 was used for all calculations. The model contains two smooth hinge joints, four l-joint muscles (muscles
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Fig. 2. Schematic, two-dimensional musculoskeletal model that contains multi-joint muscles and was used to demonstrate co-contraction of pairs of antagonistic muscles (Herzog and Binding, 1993) using static non-linear optimization. This model was also used for all calculations in this study to represent a system that contains multi-joint muscles. Note, that the moment arm of muscle 6 at the proximal joint had to be chosen different from 1.0 to allow co-contraction of muscles 5 and 6; however, the moment arm value chosen (i.e., 0.5) is completely arbitrary. l-joint muscles are shown in black, 2-joint muscles in white. Muscles insert into the segments wherever they are shown to come into contact with a segment.



l-4) and two 2-joint muscles (muscles 5 and 6). Mass and moment arms of all muscles were assumed to be 1.0 (arbitrary units) except for the moment arm of muscle 6 about the proximal joint which was set at 0.5 (Table 1). Muscular forces were calculated using an adaptation of the optimization approach proposed by Crowninshield and Brand (1981) which required that the sum of the squared (or cubed) muscular stresses is minimized (Eq. (1);



Table 1 Identification (ID), mass, and moment arms (Rl = proximal joint; R2 = distal joint) of all muscles of the musculoskeletal system shown in Fig. 2. Muscles 5 and 6 are 2-joint muscles. All units are arbitrary Muscle ID



1 2 3 4 5 6



Muscle parameter Mass



Rl



1.0 1.0 1.0 1.0 1.0 1.0



1.0 1.0 _ 1.0 0.5



R2



1.0 1.0 1.0 1.0
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cy= 2) and that all joint moments are satisfied by tensile muscular forces. Assuming that muscular forces, and thus the corresponding stresses, are all zero or positive (Crowninshield and Brand, 19811, it can be shown that the cost function is strictly convex (Herzog and Binding, 1992). Furthermore, the moment constraint functions in the approach of Crowninshield and Brand (1981) are all componentwise linear; therefore, the Karush-KuhnTucker conditions are necessary and sufficient. These conditions were used to derive the analytical solutions for all results presented in this manuscript. The detailed analytical solution to this problem may be found elsewhere (Herzog and Binding, 1992; Herzog and Binding, 1993). 3.2. l-joint versus 2-joint muscles In order to compare the behaviour of the model shown in Fig. 2 to an energetically equivalent model containing only l-joint muscles, the 2-joint muscles of the initial model were replaced by energetically equivalent l-joint muscles (i.e., muscles of the same total mass as the initial 2-joint muscle). This was done by replacing the two 2-joint muscles of the initial model (muscles 5 and 6, Fig. 2) by four l-joint muscles (muscles 5a, 5b, 6a, 6b, respectively, Fig. 3, Table 2) without changing the total mass of the muscles or the geometry of the initial musculoskeletal system. This approach is equivalent to taking the 2-joint muscles, dividing them into two parts, and creating two l-joint muscles out of each 2-joint muscle. Using a cost function of the form of Eq. (2) to analyze the effectiveness of 2-joint versus l-joint muscles is a disadvantage in that the minimal value of the cost depends on how the 2-joint muscles are split up into l-joint muscles. For example, suppose there is only one muscle with pi = 1, exerting a force, F. Minimization of 4 is trivial and yields f1 = F, and 4 = F3. Now, suppose we ask two muscles (with p1 =p2 = 0.5) to perform the same task. Minimization of 4 yields fi = f2 = F/2 and 4 = 2F3; thus, the cost function values are different when using one muscle or two muscles to perform the same task. This limitation of cost functions of the form of Eq. (2) may be avoided by minimizing a cost function of the form i=l



(4)



where ai represents the mass of the ith muscle. For Eq. (4), the minimal value of 4 does not depend on how the 2-joint muscles are split up into l-joint muscles. Therefore, Eq. (4) was used for all calculations performed
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Fig. 3. Schematic, two-dimensional musculoskeletal model that is energetically equivalent to the model shown in Fig. 2 but contains only l-joint muscles. The model shown in Fig. 3 may be obtained from that in Fig. 2 by making two l-joint muscles (muscles 5a, 5b and 6a, 6b; Fig. 3) from each of the 2-joint muscles of the original model (muscles 5 and 6; Fig. 2). Note, that the moment arm of muscle 6 (Fig. 2) at the proximal joint was retained at the value of 0.5 for the model shown here (muscle 6a). l-joint muscles of the original system are shown in black, l-joint muscles derived from the 2-joint muscles of the original system (Fig. 2) are shown in white. Muscles insert into the segments wherever they are shown to come into contact with a segment.



in this study. Using Eq. (4), a general solution for the force-sharing problem and the corresponding cost function values was derived as a function of the moments at the proximal (a> and distal joints (b) and the



Table 2 Identification (ID), mass, and moment arms (Rl = proximal joint; R2 = distal joint) of all muscles of the musculoskeletal system shown in Fig. 3. The mass of muscle 5 (2-joint muscle; Fig. 2) was used to form two new l-joint muscles of mass x (muscle 5a) and 1- x (muscle 5b), and the mass of muscle 6 (2-joint muscle, Fig. 2) was used to form two new l-joint muscles of mass Y (muscle 6b) and 1- Y (muscle 6a). All units are arbitrary Muscle ID



Muscle parameter Mass



Rl



R2



1 2



1.0 1.0



1.0 1.0



_ _



3 4 5a 5b 6a 6b



1.0 1.0



_ _ 1.0



1.0 1.0



X



l-x 1-Y Y



0.5 _



1.0 _ 1.0
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mass values of the newly formed l-joint muscles (x, y, Table 2) for the model containing 2-joint muscles (Fig. 2) and the model containing just l-joint muscles (Fig. 3). The mass and moment arm values used were those shown in Tables 1 and 2.



4. Results Figs. 4 and 5 show a summary of the general solutions for force-sharing and cost function values using Eq. (4) and the models shown in Figs. 2 and 3 (i.e., Tables 1 and 2), respectively. Using the model containing 2-joint muscles (Fig. 4), co-contraction of pairs of antagonistic muscles (muscles 5 and 6, Fig. 2) is predicted in a region bounded by the lines b = 0 and b= a



b=O



Fig. 4. Graphical representation of the analytical results of the model containing l-joint and 2-joint muscles shown in Fig. 2. The u-axis represents the moments at the proximal joint, and the b-axis the moments at the distal joint. The areas labelled A, B, C, and D correspond to the cost function expressions c1 = 1/9(8a2 +5b2 -4abh c, = a2 + b2, c, = 2/3(a2 + b2 - ab), and c, = 2/3(a2 - ah)+ b2/2, respectively. The areas labelled 1 to 8 contain the following active muscles: area 1, muscles 1, 4, and 6; area 2, muscles 2, 4, and 6; area 3, muscles 2, 3, and 6; area 4, muscles 2 and 3; area 5, muscles 2, 3, and 5; area 6, muscles 1, 3, and 5; area 7, muscles 1, 4, and 5; and area 8, muscles 1, 4, 5, and 6.
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Fig. 5. Graphical representation of the analytical results of the model containing just l-joint muscles (Fig. 3). The a-axis represents the moments at the proximal joint, and the b-axis the moments at the distal joint. The areas labelled A, B, C, and D correspond to the cost function expressions c2 = 4a2/ (4+ y)+ b2/(2y), c2 = 4a2/(4+ y)+ b*/(2x), c2 = a*(x + l)+ b*/(2x1, c2 = a*/(x + l)+ b*/(2y), respectively. The areas labelled 1 to 4 contain the following active muscles: area 1, muscles 2, 4, 6a, and 6b; area 2, muscles 2, 3, 6a, and 5b; area 3, muscles 1, 3, Sa, and Sb; and area 4, muscles 1, 4, Sa, and 6b.



and b = 4a; muscle 3 in the region between the a-axis and b = 2a/5; muscle 2 in the region between the negative b = axis and b = 2~; and muscle 4 in the region between the negative a-axis and b = a/2 (Fig. 4). Such co-contraction between pairs of antagonistic muscles or simple antagonistic muscular activity cannot be predicted using the model that contains l-joint muscles exclusively. This result is illustrated graphically in Fig. 5, where each muscle is active in the region comprising two adjacent quadrants of the reference system with the axes a (proximal joint moment) and b (distal joint moment). Figs. 4 and 5 each have four segments with different expressions for the cost function (i.e., the segments labelled A, B, C, and D in both figures). In order to evaluate which of the models (the model containing 2-joint muscles, Fig. 4; or the model containing just l-joint muscles, Fig. 5) is more cost effective, cost function values of the two models were compared for corresponding areas of the a, b reference system. The most general solutions for this comparison are shown in Fig. 6 for 0 IX = y I 1.0. Cost
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Fig. 6. Graphical representation of the (Fig. 2) gives lower (c, CC,) or higher l-joint muscles (Fig. 3), for any value of the proximal joint, and the b-axis the c, < c2 or ct > cs, the solution depends
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regions where the model containing l-joint and 2-joint muscles (c, > c,) cost function values than the model containing just x = y between 0 and 1.0. The a-axis represents the moments at moments at the distal joint. For regions that are not labelled on the values for x = y.



function values of the model containing 2-joint muscles Cc,) were smaller than corresponding values of the model containing just l-joint muscles (c,) for a large region in the first and third quadrants, that is, areas where the joint moments a and b are in the same direction. In these areas (i.e., between b = (4 + 3&) a and b = a(3/ 6 - 1)/2, 1st quadrant; and b = (2 + &>a and b = (G/2 - l)a, 3rd quadrant) the model containing 2-joint muscles is more effective than the model containing just l-joint muscles. The opposite is true for the areas bounded by b = (4 - 3fi)a and b = -(l + fi/fi>a, 2nd quadrant; and b = -u/2 and b = -[a(2 + fi)]/3, 4th quadrant, i.e., areas where the joint moments a and b are opposite. The results shown in Fig. 6 are correct for any value of x = y between 0 and 1.0; that means, they are valid independent of how the 2-joint muscles of the original model are split up into l-joint muscles. If a specific value is
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chosen for x and y (Table 2), the regions where one model is more cost effective than the other become larger. For example, for x = y = 0.5, the following observations are made: (a> when the moments at the proximal and distal joints have the same direction (i.e., a,b > 0; or a,b < O), the cost function values of the model containing the 2-joint muscles are always lower than the corresponding values of the model containing just l-joint muscles; (b) for the region a > 0 > b and the region of co-contraction between muscles 5 and 6 (i.e., region 8, Fig. 41, the cost function values of the model containing just l-joint muscles are always lower than the corresponding values of the model containing 2-joint muscles. In these regions, the directions of the moments at the proximal and distal joints are in the opposite direction; (cl the only remaining region is bounded by the b-axis and the line b = -2a (Fig. 4). In this region, lower cost function values for corresponding joint moments are obtained for the model containing just l-joint muscles (Fig. 3) between -2a I b < (-2 - &)a, and for the model containing 2-joint muscles (Fig. 2) for b > (- 2 - &>a.



5. Discussion The effects of replacing 2-joint muscles with energetically equivalent l-joint muscles can be evaluated using a non-linear optimization approach with a cost function of the form of Eqs. (1) or (4). It was determined analytically that the model containing 2-joint muscles allows for the prediction of antagonistic muscular activity and the co-contraction of pairs of antagonistic muscles (Fig. 41, whereas the model containing just l-joint muscles cannot predict such activities (Fig. 5). These results are in agreement with previous theoretical and experimental findings (e.g., Pedersen et al., 1987; Herzog and Binding, 1992, 1993). It has been argued that mathematical optimization using cost functions of the form of Eq. (1) represent some physiological effectiveness criteria (e.g., Hardt, 1978; Crowninshield and Brand, 1981; Herzog, 1987). If this notion is accepted, the results of this study indicate that in some cases models containing 2-joint muscles allow for a more effective performance of a task, whereas in other situations, an energetically equivalent model containing just l-joint muscles would be more effective. In order to assess which of the models is the most effective overall, it would be necessary to investigate all possible tasks of the model of interest and then derive an “overall” or “total” effectiveness criterion. Such a task requires acceptable
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definitions of the term “overall,” and at present, one must rely on the results obtained from selected examples (e.g., Fig. 6). The 2-joint muscles included in the musculoskeletal system discussed here (Fig. 2) produce moments of equal direction at both joints. Therefore, these muscles are cost effective particularly in situations where the joint moments required at both joints are in the same direction (Fig. 6). Most of the 2-joint muscles in the human body are arranged in such a way that they produce moments in the same direction on the segments distal to the joints they cross. For example, the rectus femoris and hamstring muscles in the human thigh are most effective in terms of contributing to the required joint moments for simultaneous extension of the knee and flexion of the hip (rectus femoris) or flexion of the knee and extension of the hip (hamstrings). Such movements are scarce in reality, but vigorous knee extension and hip flexion may be observed, for example, when kicking a soccer ball or when clearing a hurdle with the lead leg. However, during such movements, the 2-joint muscles are shortening owing to the action required at both joints, and thus the shortening velocity of these muscles is higher than for the corresponding single joint muscles, and the ability to generate maximal forces is lower than for the corresponding single joint muscles, according to the force-velocity relation of skeletal muscles (e.g., Hill, 1938; Spector et al., 1980). Reviewing these arguments one may come to the conclusion that the major function of 2-joint muscles, most likely, is not associated with providing moments in the muscle’s direction, simultaneously at two joints. Therefore, static optimization, not including the instantaneous contractile conditions of muscles, may not be the approach to answer the question why we have multi-articular muscles. When satisfying simultaneous moments of opposite directions at the proximal and distal joints, the changes in muscular length and the corresponding rates of change in muscular length are favourable for the 2-joint compared to the l-joint muscles in terms of the force-length and forcevelocity relations of skeletal muscles (e.g., Gordon et al., 1966; Hill, 1938). Thus, the 2-joint muscles are at a mechanical advantage when compared to the l-joint muscles in these situations, and possess the ability to generate large forces. They may provide the means to perform movements close to the limits of maximal performance that may not otherwise be possible (e.g., Van Soest et al., 1993). The results presented in this study were obtained from an analytic solution of a static situation. As described in the two previous paragraphs, dynamic situations will affect 2-joint muscles differently than l-joint mus-
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cles, because of the different effects that changes in the joint angles have on the 2-joint compared to the l-joint muscles. Therefore, a strict comparison of our results obtained theoretically with results obtained experimentally should only be performed for static situations. Fujiwara and Basmajian (1975) performed a series of experiments on ten human subjects that may be considered identical to our theoretical considerations presented here. In their experiment, Fujiwara and Basmajian measured the electromyographical activity of the 2-joint rectus femoris and medial hamstrings during isometric hip flexion-knee flexion, hip flexionknee extension, hip extension-knee flexion, and hip extension-knee extension tasks. Their results may be summarized as follows: Rectus femoris and medial hamstrings were activated the most when they could contribute to the required joint moments at both joints, i.e., hip flexion-knee extension for the rectus femoris and hip extension-knee flexion for the medial hamstrings. These results are consistent with our observations for muscles 5 and 6 which are always active for a,b < 0 and for a,b > 0, respectively (Fig. 4). Furthermore, Fujiwara and Basmajian (1975) report a complete absence of any EMG activity of the rectus femoris for hip extension-knee flexion, and of the medial hamstrings for hip flexion-knee extension. Again, this result is completely confirmed by our theoretical considerations which show zero forces for muscles 5 and 6 for a,b > 0 and for a,b < 0, respectively (Fig. 4). The most interesting situation arises when the moment produced by the 2-joint muscle is in the same direction as the required joint moment at one joint, but in the opposite direction at the other joint. For this case, Fujiwara and Basmajian (1975) show an intermediate activity for rectus femoris and medial hamstrings if the moment produced by the muscle was in the same direction as the required moment at the knee, but they found only a low, or no activity, if the moment produced by the muscle was in the opposite direction as the moment required at the knee. Since the rectus femoris and the medial hamstrings are considered to have their primary effect on the knee (Fujiwara and Basmajian, 1975), the moment arm of these muscles about a transverse axis through the knee should be larger than the moment arm about a corresponding axis through the hip. Therefore, only the results of muscle 6, which has a different moment arm at the proximal and distal joints (Table l), may be compared to the experimental results. As for the previous cases, the findings of our theoretical work and the experimental tests are consistent. Muscle 6 is active throughout the
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fourth quadrant in Fig. 4 (a < 0 and b > 01, and is active only for a small part of the second quadrant in Fig. 4 (a > 0 and b < 01. This result demonstrates that muscle 6 is consistently recruited when the moment it produces is in the same direction as the moment at the distal joint (the joint where the moment arm of muscle 6 is large), and it is not consistently recruited when the moment at the distal joint is opposite to the moment produced by muscle 6. 5.1. Final remarks



We have repeatedly used the word “effectiveness” in our discussion. It should be emphasized that “effectiveness” in the present context has often been termed efficiency (Zajac and Gordon, 1989). We have avoided this term because efficiency of movement must ultimately relate the metabolic cost of movement to the external work performed. In order to be successful in using such an approach, it will be essential not only to quantify the energy balance in a muscle, but also to understand the energy balance of muscular contraction and its relation to the mechanism of force-sharing among muscles during movements. A discussion of these problems and an incorporation of the energetics of muscular contraction goes beyond the scope of this manuscript. The analysis of a system containing 2-joint muscles versus an energetically equivalent system containing only l-joint muscles was performed for static conditions exclusively. With few exceptions (e.g., Davy and Audu, 19871, current non-linear optimization approaches, aimed at calculating individual muscle forces, are static in nature. The solutions of these approaches depend only on the system’s geometry and the instantaneous contractile conditions and joint moments, not on the kinematic or kinetic time-history of the system. Further work in this area will have to focus on dynamic formulations of optimization approaches. These dynamic approaches must not stop with the description of the dynamics of force production at the level of the muscle (e.g., Davy and Audu, 19871, but should also include the dynamic effects of force production associated with the nervous control. They also should include appropriate energy considerations; for example the fact that a given amount of negative work appears to require less energy than the same amount of positive work (Abbott et al., 1952; Bigland-Ritchie and Wood, 1976; Pierrynowski et al., 19801; or the idea that heat loss during muscular contraction appears to be a non-linear function of contraction time (Hill, 1938; Woledge et al., 1985) and the number of repeated contractions (Barclay et al., 1993).
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The systems used for analysis in this study were two-dimensional (Figs. 2 and 3). Work on truly three-dimensional systems, and thus a generalization of our two-dimensional results, is currently in progress.
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