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Robotics plays an important role in many areas of human life. One of its important applications is in
rehabilitation. Solving the redundancy problem is a key issue to improve the dexterity and stability of robots'
performance so that they can work compliantly and safely with humans. This requires an understanding of the
neuro-mechanical control of limb movements, which is necessary to integrate biological information with the
mechanical system into a single architecture that is more flexible and more adaptive to a variety of environments. This
understanding is also needed for the effective design of interfaces to transfer the skillful movements of humans to
robots.

The synergy hypothesis suggests muscle synergies as a solution to the redundancy problem. On the other
hand, the equilibrium point hypothesis is a promising hypothesis in motor control to interpret the physiology of
movements. Inspired by the synergy hypothesis and the equilibrium-point hypothesis, we proposed two concepts, the
agonist-antagonist (A-A) ratio and A-A activity, as variables to investigate muscle synergies. The derivation of the A-A
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ratio and A-A activity concepts was based on the analogy between the biological system and a robot system with
antagonistic artificial muscles. The A-A ratio is directly and linearly related to the equilibrium joint angle for a desired
motion. The A-A activity is directly and linearly associated with the joint stiffness at any equilibrium joint angle. We
expected that these concepts would be applicable to the biological system, providing variables to extract muscle
synergies from muscle activities.

We then provided a method to extract and implement muscle synergies from the human electromyography
(EMG) for human upper limb movements. We conducted a hand-force production task to investigate the mechanisms
of the human's skillful hand-movement at producing force while manipulating objects. Using principle component
analysis (PCA) algorithm, we reduced the dimension of the EMG dataset. Furthermore, using a linear regression
analysis, we estimated the hand-force deviation in response to the reduced data of the measured EMGs with the
constraint that all muscle contractions were isometric. A high correlation between the EMGs and the hand-forces was
observed. From the regression model, muscle synergies can be extracted. While other methods cannot clarify the
mechanisms of how the synergies generate forces, we can explain physical meanings of the extracted muscle
synergies. Considering a polar coordinate frame centered on the shoulder joint, one synergy seemed to generate
hand-forces in the angular direction, while the other synergy seemed to create hand-forces in the radial direction. This
interpretation suggests a simple method to generate desired movements through two synergies resulted from a unique
combination of multiple muscles.

Based on the human analysis results of the hand-force production task, we hypothesized a framework for
motor control of the human upper limb. The framework suggests a simple and unique solution to generate upper limb
movements. To implement the framework to musculoskeletal robot control, we proposed a synergy-based control
method using two synergies as manipulated variables. This synergy control method is simple and flexible to be
applicable to more complicated musculoskeletal robotic systems and for a wide range of tasks.

Finally, we conducted experiments to observe the performance of two human subjects in a coordinated task.
The observed role sharing would be helpful to improve the performance of musculoskeletal robots that involve in
interaction tasks with human.
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