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Identifying the Building Blocks of a Human Walking
based on the EMG Ratio of Agonist-antagonsit Muscle Pairs

Hiroaki Hirai*, Taiki limura*, Keita Inoue* and Fumio Miyazaki*

The problem of motor redundancy is well known as Bernstein’s problem, named after the scientist who first posed

the knotty problem in the early 1930s. At present, it is still a mystery how the central nervous system (CNS) solves

the ill-posed problem of motor control. We recently made a discovery that links with influential hypotheses that the

CNS may produce movements by combining units of motor output. This paper introduces the key concept we call

the “A-A ratio,” which is the EMG ratio of agonist-antagonist muscle pairs. The statistical analysis based on the

A-A ratio specifies that (1) human lower limb movement during walking is explained as the superposition of a few

modular units, and that (2) decomposed modules encode the kinematic information of body movement. The results

also clarifies that various hypotheses, such as the muscle synergy hypothesis, the population vector hypothesis, and

the convergent force fields hypothesis, are different interpretations of a common equation derived from our analysis.

The concept of an A-A ratio provides a beneficial suggestion to many studies on muscle-synergy extraction and gives

an important clue to solving Bernstein’s problem of redundant degrees of freedom.

Key Words: EMG Ratio of Agonist-antagonist Muscle Pairs, Human Walking, Motor Primitive, Redundant Degrees

of Freedom, Kinematics, Principal Component Analysis
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Fig.1 Human lower limb. (a) Definition of kinematic joint an-
gle. (b) Measuring muscle activities
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Fig.2 Ensemble EMG activities recorded from Subject A dur-
ing treadmill walking
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Table 1 Definition of the agonist-antagonist muscle-pair ratio

Pair label Target muscles Movement function

1 ma/m1 Hip extension

ro ms/ma Knee extension and Hip flexion
r3 me/ms Knee extension
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7 mi/ma Hip flexion

rg ma/me Knee flexion (and Hip extension)
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Fig.3 Basic muscle activation patterns of subject A

Table 2 PCA based on original EMG data: the contribution
rate % of each component

1st 2nd 3rd
Subject A 46.0 32.2 15.6 6.20
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Fig.4 Basic muscle synergy patterns of subject A
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Fig.5 Basic muscle synergy patterns of subject B

Table 3 PCA based on the A-A ratio: the contribution rate %
of each component

1st 2nd 3rd others
Subject A 48.8 33.4 8.99 8.81
Subject B 43.5 33.5 18.2 4.80
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Fig.6 Kinematic meaning of the extracted muscle synergies
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Fig.7 Toe position of the muscular-skeletal leg robot (Subject
A)
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Fig.8 Toe position of the muscular-skeletal leg robot (Subject
B)
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Fig.9 Modular control based on the population vector hypothesis.
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tory in PC scores (wi-w2) plane. (b) Estimation of hip-joint angle during swing
phase. (c) Estimation of knee-joint angle during swing phase
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Fig.10 Modular control based on the CFFs hypothesis. (a) Gait trajectory in PC score
space (wi-w2-w3). (b) Vector fields in the phase plane of each PC score at the
time of gait-phase 0%, 25%, 55%, and 85%
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computed A-A ratio from EMG data
--------- reconstructed A-A ratio from H
muscle synergies and weighting model
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Fig.11 A-A ratio change during a gait cycle
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Fig.12 Human-like muscular-skeletal leg robot
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Fig.13 Fourier-series approximation of the PC scores of sub-
ject A. (a) the first PC score wi; (b) the second PC
score wa; (c) the third PC score ws
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