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Bernstein analyzed a skilled blacksmith's motion and found out that his hammer hits a given
target correctly, but his joint trajectories are not constant and show variability across a series of
strikes. From this observation, Bernstein concluded that in the motion control by the central
nervous system (CNS), the variability of individual joint trajectories and muscle activities is
accepted, however, important task-related variables for task accomplishment is adjusted.
Regarding to walking movement, it has been reported that large degree of joint synergy
suppresses the variance of the toe height relative to the hip position by canceling out the
variance of each joint angle of the lower limbs at the moment of minimum toe clearance (MTC).
In this study, we considered the following three points: (1) do the joint synergies during walking
decline due to aging, (2) do the variables controlled by joint synergies change with the walking
phase, and (3) how does each joint contribute to the formation of the joint synergies during
walking?

Twelve younger and six older subjects walked on a flat floor at a self-selected speed. Leg joint
trajectories in the sagittal plane were recorded, and the strength of joint synergies to suppress
the variances of the horizontal and vertical toe position, and horizontal and vertical toe velocity
relative to the hip position were analyzed by the uncontrolled manifold (UCM) method. First, we
confirmed that in both age groups, large degrees of joint synergies that stabilize the toe height at
the moment of MTC and hip position in the double support phase were observed with no
statistical difference between age groups. Compared to younger subjects, older subjects showed
statistically higher variance components of joint angles that do not affect the foot position at the
MTC; however, no statistical difference was observed in the variance components that affect the
position. These results suggest that stabilization of hip position during the second double
support phase and the foot height at MTC are important factors in control of walking by the CNS
and aging does not affect these regulations.

Second, we found that joint synergy worked so as to adjust the horizontal hip velocity relative to
the toe position from the first double support phase to the single support phase, , then the toe
height relative to the hip position from the second double support phase to middle of swing
phase, finally the vertical ankle velocity at the end of swing phase. These results suggest that
the toe or ankle position is selected as a controlled variable according to the distance from the
ground during walking and the switching of the joint synergy occurs so as to stabilize the
controlled variable.

Third, we found that the ankle joint contributed to the formation of joint synergy in most of a
gait cycle. Furthermore, the hip joint in the first double support phase and the knee and ankle
joint in the single support phase also contributed to a large extent. These results show that the
contribution of each joint to the joint synergy formation changes dynamically. In the joint
synergy that suppresses the variance of the toe height at the moment of the MTC, the
contribution of knee and ankle joints is large. Therefore, the cooperation between these joints is
important for the avoidance of tripping. The results of this study suggest that formation of the

leg joints synergy is important in order to realize a stable walking.
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