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ABSTRACT The control of movement is very complex, involving the activation of a redundant musculature with intricate physiology that affects the highly nonlinear kinematics of the skeletal system. Previous studies have attempted to understand musculoskeletal design by creating computational models very specific to the musculoskeletal system. While these methods have produced many insights, they lack the ability to conclusively answer one major question: Why is the musculoskeletal system designed the way it is? In this paper, we describe an alternative computational approach that addresses one component of the question above: Are muscles optimally placed on the skeleton? Specifically, we found the optimal muscle locations for single and multiple tasks using a genetic algorithm (GA) (the tasks are maximum height jumping and static posture). By comparing single task optimization results to those for combined tasks, we show that multiple task optimization yields results with high similarity to human physiology, directly demonstrating that the musculoskeletal system is not designed optimally for one behavior, but instead it is designed to perform well at many behaviors.



1. Introduction Many researchers have tried to understand how the central nervous system (CNS) controls human movement because of its vast array of applications to many medical fields [1-4], including rehabilitation following stroke or spinal cord injury, athletic training, and systems neurophysiological diseases such as Parkinson’s and Huntington’s diseases. More recently, computational techniques such as optimal control theory have been applied to questions of motor control so that experimental measurements can be directly compared to theoretical assumptions. For example, Todorov and Jordan demonstrated the natural emergence of task-constrained variability and muscle synergies using optimal feedback control on models of object manipulation [5]. Muscle synergies are grouped activations of muscles across a limb (or body) that eliminate the need to control each muscle individually. They supported their work with experimental results from several motor tasks. Despite the success of researchers in this field, their conclusions lack a definitive nature, i.e. – they cannot disprove other plausible methods of motor control. Therefore, we are left with many possible theories. The method that we propose is to examine the design of the musculoskeletal system in the context of control. Given either measured muscle activity (or optimally predicted muscle activity), can we predict the design of the musculoskeletal system, namely the locations of muscles? Such a prediction would help address questions about the contributions of musculoskeletal design on the eventual muscle activations. Additionally, it could improve our understanding of diseases or disabilities where muscles



assume different locations (or are surgically transferred to different locations as in cerebral palsy). Several researchers have examined these questions but not explicitly from a control perspective. Instead, they showed that the mechanics of the muscle and/or skeleton are optimally designed for certain tasks. For example, Ruina and others have shown that purely passive mechanisms can produce human-like locomotion [6]. In fact, they have constructed these mechanisms and shown that they can passively (no motors) walk down a slight incline. These studies strongly suggest that the mechanical design of the human body tries to minimize the complexity of neural commands from the CNS during behaviors such as walking, i.e. – reduce energy expenditure. Similarly, Lutz and Rome showed that muscles in the frog hindlimb are optimally designed for jumping [7]. The muscles have physiological parameters (force-length and force-velocity relationships) that enable them to produce optimal forces during coordination strategies used in jumping. In this paper, we used a genetic algorithm (GA) to ‘evolve’ muscle locations for single and multiple tasks using a human lower limb model. We have explicitly shown that the placement and orientation of muscles on the skeleton (i.e. – musculoskeletal design) greatly influence how the overall system will behave. The solutions found by the GA highlight those muscle groups that are most necessary for certain tasks. The remainder of this paper describes our GA, the specific tasks we generate optimal musculoskeletal designs for, and comparisons between actual human physiology and the optimized muscle locations.



2. Related Work The human lower limb model that we used (and one of the tasks we optimized musculoskeletal design for) was replicated from previous work by Pandy, Zajac, and others [2,3]. Based on years of research in physiology, motor control and optimal control theory, they developed a seminal model of the human skeleton and lower limb musculature, then optimized for activation signals in maximum height jumping (maximum height jumping was used because it has an explicit cost function – achieve the highest vertical displacement possible). Their 4-link inverted pendulum model accurately predicted the activation times of each of 8 muscle groups as compared with electromyographic (EMG) data recorded from professional volleyball players [2]. This model was created to show that the nervous system implements an optimal control scheme when activating muscles during jumping. The change we made to the model and simulation allowed the muscle locations to move about the skeleton to new, more ‘optimal’ positions. We chose to use the maximum height jumping task because it allowed us to build upon an already successful model as well as verify our model before moving to more complex components of our research.



For our second task, we chose static posture because Pandy and Zajac’s model and optimal control principles were extended to a similar version of this task by Kuo [4]. Kuo designed a feedback model for postural resistance to horizontal perturbations to the center of mass of the trunk segment. He described the basic control mechanisms and geometry that he believed to be most relevant in normal standing, and which muscle groups were responsible for stabilization [4]. The difference in our task is that we will not apply perturbations, but instead simply require the model to stand upright. Again, we allowed the muscle locations to change until optimal values were found rather than restricting ourselves to the believed physiological characteristics. Finally, we examined the resultant muscle locations when optimizing for both maximum height jumping and static posture. Most likely, humans have evolved to perform multiple tasks and are not optimally designed for a single one. Therefore, we explicitly show that as we optimize the musculoskeletal design for more tasks, the muscle locations become increasingly more similar to normal physiology.



3. Methods We developed a genetic algorithm (GA) that predicts the optimal muscle locations (origin and insertion points) on a predefined skeleton of the human lower limb for given tasks. We used a model with 8 muscles that dynamically represents the human lower limb and trunk [2]. The feasibility of the simulation was first demonstrated by inputting known activation patterns for human jumping and basic muscle and tendon properties from human physiology and demonstrating that the simulation produces muscle architecture similar to what is seen in previous optimizations and in the physiology literature [2,3]. We then extended the optimization to static posture and a combined task of both jumping and posture. The success of our optimally designed and controlled model was verified by its ability to perform the jumping and standing tasks relative to humans performing the same task, and by the algorithm’s placement of the muscles similar to that found in physiology.



3.1 Musculoskeletal Model The biomechanical model (SimMechanics, MATLAB) represented the human skeleton (focused on the lower limb) as a 4-link planar structure articulated using frictionless revolute hinge joints – shown in Figure 1. Ranges were imposed for all 3 joint angles to prevent hyperextension of any joint. The GA dictated the placement of 8 actuators (i.e. – muscles) on the linkages. Each actuator was modeled as a Hill-type muscle model [9]. Briefly, in a Hill-type muscle model, a force-producing contractile element is in parallel with a spring representing the passive muscle stiffness. This ‘muscle’ is then in series with a spring representing the tendon stiffness. These 4 elements govern the dynamics of each actuator, or its biological analogue, the musclulotendon complex. The toe was fixed to the ground via a revolute joint. The model was considered to have left the ground when the vertical ground reaction force at that joint is zero. The ground itself was modeled as a very stiff spring at the heel to avoid mathematical discontinuities. Precise parameter values for stiffnesses, moment arms about joints (wrapping surfaces), and segment lengths can be found in [2].
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TA Figure 1 – Inverted pendulum model representing the human lower limbs and trunk for maximum height jumping and static posture. The 8 muscles groups are labeled on the left and the segments are labeled on the right. Images borrowed from [2,3].



3.2 Genetic Algorithm The fitness function in a GA essentially maps the genotype of a hypothesis into a phenotype. In our case, the genotype was a sequence of muscle locations. [M1,o M1,i side …. M8,o M8,i side] M is the muscle location, subscript o is the muscle origin, and subscript i is the muscle insertion location, and side explains which side of the planar model the muscle is on. M can range from 1-N, where N is the number of bins the skeleton is divided into, while side is binary (0 – left, and 1 – right). This sequence of 3 attributes repeats once in the genotype for each muscle. We used uniform crossover with the locations for crossover being selected randomly for two parent members of the population in each generation. Therefore, two randomly selected parents always produced two children. We also implemented random mutation to every component in the genotype. The rate of mutation was chosen as 1%. We used a selection criterion that used the top 5 parents from the previous generation and the top 25 children in the next generation, assuming a population size of 30. This approach helped retain diversity across many generations. Our algorithm ran for a specified number of generations – from 30-200, with a population size of 30. We restricted our hypothesis space by not allowing tri-articulate muscles (muscles that span 3 joints) because these are not found in normal human physiology. Therefore, the hypothesis space spans all combinations of muscle origin and insertion points on either side of the skeletal model that give rise to mono- or biarticulate muscles. The fitness functions for each task in this paper are described in the next section.



3.3 Activation Signals Muscle activation signals (i.e. – those commands that tell the muscle when and how much to contract) were predefined for each task. The activation signals for maximum height jumping were reproduced from those predicted by Pandy and Zajac [3]. Those for static posture are assumed to be constant at 10% of maximum



contraction for all 8 musculotendon actuators on the skeleton – similar to isometric contraction to keep one’s body upright.



3.4 Fitness Functions 3.4.1 Maximum Height Jumping The fitness function for maximum height jumping was a modified version of the one used by Pandy and Zajac [3]:
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The goal is maximize this fitness, fjump, which equals the sum of the final vertical displacement and velocity achieved by the HAT (head-abdomen-trunk) segment’s center of mass at take-off raised to the exponential and divided by the negative exponential of the duration of the jump. The constants a, b, and c were adjusted to equally weight each component of the fitness function. The reason we need to include the time constraint in our fitness function is two-fold: (1) the solution from Pandy and Zajac [3] was constrained to jump at 0.5 seconds, and (2) to prevent our optimization from choosing muscle locations that coordinate a jump in physiologically unrealistic time scales using only passive musculotendon forces. Additionally, we raised all components to the exponential (strictly increasing) to give a wider range of possible fitness values, making the GA more effective. This fitness function encourages the algorithm to confine itself to physiologically feasible muscle placements that coordinate a jump using active muscle forces while still having the freedom to explore a rich hypothesis space.
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4. Results 4.1 Individual Tasks 4.1.1 Maximum Height Jumping The prediction of muscle locations for maximum height jumping would serve as a validation for our model since, ideally, it would reproduce the results of Pandy and Zajac [3]. Figure 3 compares the evolution of the mechanical dynamics during the simulation time between their optimal solution (bottom) and our solution (top).



3.4.2 Static Posture The fitness function for static posture, fpost , tries to drive the solution to one that minimizes the vertical displacement of the uppermost segment’s center of mass over a specified time duration while maximizing that time duration: vertical vertical f post   a | (hHAT  hHAT ,o ) |  e
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The first term of (2) tries to minimize the vertical displacement by negating the absolute value of the initial height subtracted from the mean vertical height of the HAT segment. Therefore, the maximum value for the numerator occurs if the mean height of the uppermost segment remains at its initial height. The second term of (2) forces the duration of the simulation to be as large as possible, i.e. – stand upright for the duration of the simulation.



3.4.3 Combined Max Height Jumping and Posture The combined optimization of both maximum height jumping and static posture would alternate between the fitness functions in (1) and (2) every 20 generations similar to [8]. This implies that the same genotypes (i.e. – muscle locations) will be used throughout this alternation, and therefore the GA will optimize muscle locations for combined behaviors rather than single ones as described in Sections 3.4.1 and 3.4.2.



Figure 2 – Dynamics during our solution for a maximum height jump (top) and Pandy and Zajac’s solution (bottom). The resulting solution was a coordinated jump that resembled that of Pandy and Zajac [3]. The major difference is that our simulation jumps in only 0.25 seconds, while theirs takes 0.50 seconds. This means that our solution places muscles so that not all 8 are needed, but instead only a few are actually used to propel the model into the air. Interestingly, the maximum height achieved in our solution (183 cm) was much greater than theirs (33 cm). The fitness plot shown in Figure 4 shows the improvement of our algorithm over 50 generations using the fitness function in (1). It also suggests that more improvement is possible, simply requiring more generations since the fitness is still increasing significantly.



3.5 Similarity Measures The similarity measure, φ, is a quantitative comparison between a genotype and actual muscle placement on the human leg as modeled by [2]. The measure weights side, s, number of biauriculate muscles, b, and muscle contact points per link, c, equally, where actual values are noted with a hat. φ is normalized by φmax so that 0≤ φ≤1, where φ=1 is identical to the actual muscle placement.



Figure 3 – Average fitness values for maximum height jumping across 50 generations (population size of 30).



Finally, the similarity of the muscle locations between our solution and actual physiology are quantified in Table 1, according to equation (3). Note that the values range from 0 to 1 but do not linearly increase; therefore the value of 0.27 signifies that the solutions share several significant commonalities such as the number of bi-articulate muscles and a few similar muscle placements.



remained upright until the end, when it started to fall forward, again, a result of inappropriate muscles on the uppermost segment.



Table 1. Muscle location similarity values. Case



Similarity Value



Actual Physiology



1.00



Max Height Jumping



0.73



Posture



0.64



Combined Tasks



0.73



An interesting solution resulted when we relaxed the simulation duration constraint in the fitness function. Without this component, the simulation simply needs to achieve the highest height possible. Indeed, this solution is found, but the duration of the simulation is on the order of 0.05 seconds. This means that the forces to propel the model into the air come strictly from passive musculotendon properties – the muscles are initially extremely stretched so that they act as very strong springs to launch the model off the ground once the simulation begins. The final maximum height was 5.66 m, which is much greater than that predicted by Pandy and Zajac and also unrealistic. Interestingly, the coordination of joints is very similar to that predicted in [3].



4.1.2 Static Posture The resulting dynamics for the static posture optimization are shown in Figure 5. Based on the evolution of the mechanics, one can see that the GA finds muscle locations that maintain the initial height of the model for the first half of the simulation, but then the model begins to fall forward. The reason the model falls is because it rocks against the stiff spring at the heel representing the ground and eventually contacts it with too much force, making it unstable. Despite this, we compared the similarity of the muscle locations to actual physiology – Table 1. Notice that the muscle locations for posture are less similar to actual physiology than those locations for maximum height jumping.



Figure 4 – Dynamics during static posture simulation.



4.2 Combined Tasks When we optimized for both maximum height jumping and static posture simultaneously, the GA predicted muscle locations that improved static posture significantly at a minimal expense to maximum height jumping – see Figure 5. The dynamics were coordinated to propel the model off the ground except the uppermost segment lacked the appropriate muscles to enforce a regular jump. In the posture optimization, the model actually



Figure 5 – Dynamics during maximum height jumping (0.22s until liftoff) and static posture using the same muscle locations as predicted by the GA for combined tasks.



5. Discussion In this paper, we have developed a framework to optimize the muscle locations on a skeletal model for individual and combined tasks. The results of these optimizations are promising, although they still need improvement. When we optimized muscle location for maximum height jumping, we found a solution that coordinated a jump in a similar way as previously predicted in [3]. However, only a small subset of muscles roughly corresponded to muscles in actual physiology with the others being unique to our solution. Also, the optimized muscle locations for the static posture task are even less similar to actual physiology – keep in mind that the model’s performance at standing was mediocre. The most interesting results were from the optimization of the combined tasks. As shown above, the final solution performs slightly worse for each task than when the tasks are individually optimized for. However, the muscle locations improve the model’s ability to perform both tasks overall while still being similar to actual human physiology. Therefore, we have explicitly shown that the human musculoskeletal system is designed to perform well at a range of possible tasks rather than single ones, i.e. – alternative designs can be found to improve task performance. Such a demonstration has been lacking in the motor control field until now. In the future, we intend to extend this idea to simultaneously predict muscle locations and muscle activation patterns. The solutions from these future studies will assuredly be interesting because they will address questions pertaining to the intimate relationship between the central nervous system’s control strategies and the design of the musculoskeletal system.
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