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To elucidate the mechanism in environmental model-independent adaptive
learning, the mechanism of motion pattern generation was investigated in detail using model-free
deep reinforcement learning. Although mathematical optimization calculations require a mathematical
model of the environment and the body a priori, none have been treated so far as motor learning in
an unknown physical environment. We investigated for potential computational guidelines in
multi-joint gait. We examined the level of emergence of motor synergy in walking movements that
changed as learning progressed and found that the synergy emergence was highly correlated with the
performance per energy. It implies that motor synergy is employed as a necessary condition for

improving performance per energy.



[1,2] CPG
CPG

CPG CPG

CPG
@
PCA
2
2
SAC Soft Actor-Critic TD3(Twin Delayed Deep Deterministic policy)
SAC
2 (Half Cheetah) 2 (Heavy

HC) 3 (Full Cheetah) 300



Final Surface Arca (FSA)

Delta Surface Arca (DSA)
1 7 — 1- - =

Absolute Surface Area (ASA)

0.6 0.6- P *
h "% 0.094 BN SAC
0.4- 0.4~ // / 4 * = 0.
02 oz-% B TD3
P33 i s e CTIIEEETES 3
Absolute Surface Area (ASA)
14 — = ]
7 = @
/ /4 —
0.8- < 5
0.6-
‘&
0.4~/
/ 1
021
"T3I i eI 0
Number of synergy components HC HeavyHC FC
2
@

Arm Strategy
Arm Strategy

Arm Strategy

Arm Strategy

Arm
Strategy

Ankle-Hip

[ 1

Synergetic Motor Control Paradigm for Optimizing Energy Efficiency of Multijoint
Reaching via Tacit Learning, Frontiers in Computational Neuroscience, 8, 21, (2014).
M. Hayashibe, S. Shimoda

Synergetic Learning Control Paradigm for Redundant Robot to Enhance Error-Energy Index,
IEEE Trans. on Cognitive and Developmental Systems, (2017), 11:226, M. Hayashibe, S.
Shimoda

[ 15



Motor Synergy Development in High-performing Deep Reinforcement Learning algorithms,
IEEE Robotics and Automation Letters, April 2020, 5(2):1271-1278, Jiazheng Chai, M.
Hayashibe, (ICRA2020 Paris) IF=3.6

Discovering Interpretable Dynamics by Sparsity Promotion on Energy and the
Lagrangian, IEEE Robotics and Automation Letters, April 2020, 5(2):2154-2160, Hoang K.
Chu, M. Hayashibe, (ICRA2020 Paris) IF=3.6

Reproducing Human Arm Strategy and its Contribution to Balance Recovery Through
Model Predictive Control, Frontiers in Neurorobotics, 15:679570, (2021), K. Shen, A.
Chemori, M. Hayashibe

Human-like Balance Recovery Based on Numerical Model Predictive Control Strategy,
IEEE Access, vol.8, pp.92050 - 92060, (2020), K. Shen, A. Chemori, M. Hayashibe

Quantitative Gait Assessment with Feature-Rich Diversity Using Two IMU Sensors,
IEEE Transactions on Medical Robotics and Bionics, vol.2, pp.639-648, (2020), Y.
Hutabarat, D. Owaki, M. Hayashibe



14 14 8 6

Chandra Sourav Hayashibe Mitsuhiro Thondiyath Asokan 50

Muscle Fatigue Induced Hand Tremor Clustering in Dynamic Laparoscopic Manipulation 2020

IEEE Transactions on Systems, Man, and Cybernetics: Systems 5420 5431
DOI

10.1109/TSMC.2018.2882957

Hutabarat Yonatan Owaki Dai Hayashibe Mitsuhiro 2

Quantitative Gait Assessment With Feature-Rich Diversity Using Two IMU Sensors 2020

IEEE Transactions on Medical Robotics and Bionics 639 648
DOI

10.1109/TMRB.2020.3021132

Shen Keli Chemori Ahmed Hayashibe Mitsuhiro 8

Human-like Balance Recovery Based on Numerical Model Predictive Control Strategy 2020

IEEE Access

92050 - 92060

DOl
10.1109/ACCESS .2020.2995104

Hutabarat Yonatan Ekkachai Kittipong Hayashibe Mitsuhiro Kongprawechnon Waree 14
Reinforcement Q-Learning Control With Reward Shaping Function for Swing Phase Control in a 2020
Semi-active Prosthetic Knee

Frontiers in Neurorobotics 565702

DOl
10.3389/fnbot.2020.565702




Shen Keli Chemori Ahmed Hayashibe Mitsuhiro 15

Reproducing Human Arm Strategy and Its Contribution to Balance Recovery Through Model 2021

Predictive Control

Frontiers in Neurorobotics 679570
DOl

10.3389/fnbot.2021.679570

Raza Fahad Zhu Wei Hayashibe Mitsuhiro 9

Balance Stability Augmentation for Wheel-Legged Biped Robot Through Arm Acceleration Control 2021

IEEE Access

54022 54031

DOl
10.1109/ACCESS.2021.3071055

Gonzalez A. Fraisse P. Hayashibe M. 84
An extended statically equivalent serial chain -ldentification of whole body center of mass 2021
with dynamic motion
Gait & Posture 45 51
DOl
10.1016/j .gaitpost.2020.11.021
Ramos Felipe Moreira d"Avella Andrea Hayashibe Mitsuhiro 4
Identification of Time-Varying and Time-Scalable Synergies From Continuous Electromyographic 2019
Patterns
IEEE Robotics and Automation Letters 3053 3058

DOl
10.1109/LRA.2019.2924854




Bhattacharyya Saugat Clerc Maureen Hayashibe Mitsuhiro

Augmenting Motor Imagery Learning for Brain-Computer Interfacing Using Electrical Stimulation 2019

as Feedback

IEEE Transactions on Medical Robotics and Bionics 247 255
DOl

10.1109/TMRB.2019.2949854

Ibitoye Morufu Olusola Hamzaid Nur Azah Hayashibe Mitsuhiro Hasnan Nazirah Davis Glen M. 49

Restoring prolonged standing via functional electrical stimulation after spinal cord injury: A 2019

systematic review of control strategies

Biomedical Signal Processing and Control 34 47
DOl

10.1016/j .bspc.2018.11.006

Chai Jiazheng Hayashibe Mitsuhiro 5

Motor Synergy Development in High-Performing Deep Reinforcement Learning Algorithms 2020

IEEE Robotics and Automation Letters 1271 1278
DOl

10.1109/LRA.2020.2968067

Chu Hoang K. Hayashibe Mitsuhiro 5

Discovering Interpretable Dynamics by Sparsity Promotion on Energy and the Lagrangian 2020

IEEE Robotics and Automation Letters 2154 2160

DOl
10.1109/LRA.2020.2970626




Okajima Shotaro Tournier Maxime Alnajjar Fady S. Hayashibe Mitsuhiro Hasegawa Yasuhisa 12
Shimoda Shingo

Generation of Human-Like Movement from Symbolized Information 2018

Frontiers in Neurorobotics

DOl
10.3389/fnbot.2018.00043

Hayashibe Mitsuhiro Shimoda Shingo 10

Synergetic Learning Control Paradigm for Redundant Robot to Enhance Error-Energy Index 2018

IEEE Transactions on Cognitive and Developmental Systems 573 584
DOI

10.1109/TCDS.2017.2697904

33 0 10

Felipe M. Ramos, M. Hayashibe

Simultaneous On-line Motion Discrimination and Evaluation of Whole-body Exercise by Synergy Probes for Home Rehabilitation

IEEE Int. Conf. on Robotics and Automation(1CRA2020)

2020

F. Raza, D. Owaki, M. Hayashibe

Modeling and Control of a Hybrid Wheeled Legged Robot: Disturbance Analysis

IEEE/ASME International Conference on Advanced Intelligent Mechatronics

2020




M. Hayashibe, A. Gonzalez, M. Tournier

Personalized Balance and Fall Risk Visualization with Kinect Two

42nd Annual International Conferences of the IEEE Engineering in Medicine and Biology Society

2020

J. Han, J. Chai, D. Owaki, M. Hayashibe

Development of a Rimless Wheeled Robot That Enables Adaptive and Energy-efficient Locomotion

(ROBOMECH2020)

2020

M. Truong, S. Sakamoto, D. Owaki, M. Hayashibe

EMG-based Estimation of Knee Torque and Angle using Recurrent Neural Network

(ROBOMECH2020)

2020

M_H. Ahmed, S. Shimoda, H. Hirata, M. Hayashibe

Forearm Motion Estimation with Residual Shoulder Motion using Kinematic Synergies and Recurrent Neural Network

(ROBOMECH2020)

2020




K. Shen, A. Chemori, M. Hayashibe

Effectiveness Evaluation of Arm Usage for Human Quiet Standing Balance Recovery through Nonlinear Model Predictive Control

International Conference on Control and Robots

2020

55

2020

(ROBOMECH2020)

2020

38

2020




Felipe M. Ramos

38

2020

Fiber-Reinforced Soft Actuator

38

2020

21 Sl

2020

22 Sl

2021




334

2021
332
2021
22 Sl
2021
22 Sl

2021




22 Sl

2021

F. Raza, M. Hayashibe

Towards Robust Wheel-Legged Biped Robot System: Combining Feedforward and Feedback Control

IEEE/SICE International Symposium on System Integration(S112021)

2021

Y. Hutabarat, D. Owaki, M. Hayashibe

Seamless Temporal Gait Evaluation during Walking and Running Using Two IMU Sensors

43rd Annual International Conferences of the IEEE Engineering in Medicine and Biology Society

2021

Felipe M. Ramos, M. Kojima, M. Hayashibe

Simultaneous Quantification of Personalized Balance, Motion Class and Quality for Whole-body Exercise through Synergy Probe

43rd Annual International Conferences of the IEEE Engineering in Medicine and Biology Society

2021




S. Takayanagi, D. Owaki, M. Hayashibe

Online Prediction of the Synchronization Dynamics generated by Coupled Oscillator System

Proc. of 9th Int. Symposium on Adaptive Motion of Animals and Mechanics

2019

R. Zamboni, D. Owaki, M. Hayashibe

Energy Efficiency Analysis of the Tegotae Approach for Bio-inspired Hopping

9th Int. Symposium on Adaptive Motion of Animals and Mechanics

2019

322

2019

2019




2019

37

2019

37

2019

Jiazheng Chai

37

2019




Felipe M. Ramos

327

2019

D. Achanccaray, K. Pacheco, E. Carranza, M. Hayashibe

Immersive Virtual Reality Feedback in a Brain Computer Interface for Upper Limb Rehabilitation

The 2018 IEEE International Conference on Systems, Man, and Cybernetics

2018

321

2019

Neuro-Robotics Lab, Tohoku University
http://neuro.mech.tohoku.ac.jp/




(Owaki Dai)

(40551908)

(11301)

CNRS(

LIRMM




