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Outline of the work:

An object in the physical three-dimensional world has a six-degrees-of-freedom state
represented by six variables: three for position and three for orientation. An industrial robot,
which performs to pick and place parts in factories, is designed to generate motions of six
degrees of freedom as they are necessary and sufficient for its task. Recently, however,
robots from which more general and dexterous motions are expected, are designed to have
many more and redundant degrees of freedom. Humanoids are the most representative ones,
and require coordinating more than 40 degrees of freedom for its purpose. Dr. Yoshihiko
Nakamura has developed a fundamental and theoretical foundation for computation and
control of such high-degrees-of-freedom humanoid robot systems, and has expanded its use
for human biomechanics applications.

Development of fundamental theories and methods of computation for motion control
of multi-degrees of freedom systems

In humanoids, the freedoms of legs are mainly used for walking and maintaining
stability, but also are related to the generation of hand motion. Reversely, the freedoms of
hands are mainly used for producing hand motion, but also play a role for the stability of
walking by coordinating their movements with the waist. These intermixing roles change
depending on the purpose of motions and the environment in parallel and simultaneously. In
humanoid control, the desired motion needs to be eventually attributed to the motions of
each degree.

The basis of that assignment strategy is the concept of Redundancy Control by Task
Priority, proposed and developed by Dr. Nakamura. The redundancy control problem
appears not only in how the degrees of freedom are distributed, but also in how forces are
distributed for a given task. Example cases are that of when holding an object with multiple
fingers, or when leaning against a wall with a hand while standing with both feet. Dr.
Nakamura formulated these redundancy control problems as large-scale optimization with
constraints that arbitrate many requirements and limitations of robot capabilities. This
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optimization problem must be solved several hundred to thousand times a second. Dr.
Nakamura devised efficient computational algorithms, especially for forward dynamics
(compute expected motion when motors exert certain forces) that demand a higher
computational load, as well as for backward dynamics (compute forces that motors must
exert for generating desired motions). They enabled precise and real-time control of the
reaction forces from the floor, and the force between hands and environments.

Biomechanics model of human motion

Dr. Nakamura applied his efficient dynamic computation method to a biomechanics
model of a human: a system with further more degrees of freedom. He developed a whole-
body model by attaching mass to individual parts of the body skeleton and approximating
the individual muscle by a tension wire. The system was commercialized and used to
estimate the dynamics of whole-body muscle tensions during sports action by an Olympic
athlete, as well as during rehabilitation exercises of people.

Finally, inspired by the mirror neurons of brain science, Dr. Nakamura studied the
bidirectional computation relationships of perception and movement by a human. It led to
creating a symbol system to describe human motions, and then connecting it with natural
language for human-robot communication. This can be regarded as a forerunner in research
for today’s robot embodiment by generative Al with a large language model.

List of Main Publications

(1) Y. Nakamura, H. Hanafusa and T. Yoshikawa, “Task Priority Based Redundancy
Control of Robot Manipulators,” International Journal of Robotics Research, Vol. 6,
No. 2, pp. 3—15, 1987.

(2) Y. Nakamura and H. Hanafusa, “Optimal Redundancy Control of Robot
Manipulators,” International Journal of Robotics Research, Vol. 6, No. 1, pp. 32-42,
1987.

(3) Y. Nakamura and H. Hanafusa, “Inverse Kinematic Solutions with Singularity
Robustness for Robot Manipulator Control,” Journal of Dynamic Systems,
Measurement, and Control, Vol. 108, No. 3, pp. 163-171, 1986.

(4) Y. Nakamura, K. Nagai and T. Yoshikawa, “Dynamics and Stability in Coordination of
Multiple Robotic Mechanisms,” International Journal of Robotics Research, Vol. 8,
No. 2, pp. 4461, 1989.

(5) Y. Nakamura and M. Ghodoussi, “Dynamics Computation of Closed Link Robot
Mechanisms with Non-Redundant and Redundant Actuators,” IEEE Transactions on
Robotics and Automation, Vol. 5, No. 3, pp. 294-302, 1989.

(6) Y. Nakamura and R. Mukherjee, “Nonholonomic Path Planning of Space Robots via
Bi-Directional Approach,” IEEE Transactions on Robotics and Automation, Vol. 7,
No. 4, pp. 500-514, 1991.



22

(7)

(8)

)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

G. Oriolo and Y. Nakamura, “Free-Joint Manipulators: Motion Control under Second-
Order Nonholonomic Constraints,” Proceedings of 1991 IEEE/RSJ International
Workshop on Intelligent Robots and Systems (Osaka, Japan, November, 1991). IEEE,
pp. 1248-1253, 1991.

Y. Nakamura, W. Chung and O. J. Sordalen, “Design and Control of the
Nonholonomic Manipulator,” IEEE Transactions on Robotics and Automation, Vol.
17, No. 1, pp. 48-59, 2001.

Y. Nakamura and A. Sekiguchi, “The Chaotic Mobile Robot,” IEEE Transactions on
Robotics and Automation, Vol. 17, No. 6, pp. 898-904, 2001.

Y. Nakamura and K. Yamane, “Dynamics Computation of Structure-Varying
Kinematic Chains and Its Application to Human Figures,” IEEE Transactions on
Robotics and Automation, Vol. 16, No. 2, pp. 124—-134, 2000.

K. Yamane and Y. Nakamura. “Comparative Study on Serial and Parallel Forward
Dynamics Algorithms for Kinematic Chains,” The International Journal of Robotics
Research, Vol. 28, No. 5, pp. 622-629, 2009.

Y. Nakamura, H. Hirukawa, K. Yamane, S. Kajita, K. Fujiwara, F. Kanehiro, F.
Nagashima, Y. Murase and M. Inaba, “Humanoid Robot Simulator for the METI HRP
Project,” Robotics and Autonomous Systems, Vol. 37, Nos. 2-3, pp. 101-114, 2001.
T. Sugihara and Y. Nakamura, “Boundary Condition Relaxation Method for Stepwise
Pedipulation Planning of Biped Robots,” IEEE Transactions on Robotics, Vol. 25, No.
3, pp. 658-669, 20009.

H. Kaminaga, T. Ko, R. Masumura, M. Komagata, S. Sato, S. Yorita and Y. Nakamura,
“Mechanism and Control of Whole-Body Electro-Hydrostatic Actuator Driven
Humanoid Robot Hydra,” Proceedings of 2016 International Symposium on
Experimental Robotics (Oct. 3—6, 2016, Tokyo, Japan). Springer, Cham, pp. 656—665,
2017.

T. Ko, K. Yamamoto, K. Murotani and Y. Nakamura, “Compliant Biped Locomotion
of Hydra, an Electro-Hydrostatically Driven Humanoid,” Proceedings of IEEE-RAS
International Conference on Humanoid Robots (Beijing, China, November 6-9,
2018). IEEE, pp. 587-592, 2018.

Y. Nakamura, K. Yamane, Y. Fujita and 1. Suzuki, “Somatosensory Computation for
Man-Machine Interface from Motion Capture Data and Musculoskeletal Human
Model,” IEEE Transactions on Robotics, Vol. 21, No. 1, pp. 58-66, 2005.

A. Murai, K. Yamane and Y. Nakamura, “Acquiring a Human Somatic Reflex Model
Using a Neuromusculoskeletal System,” The 10th International Conference on the
Simulation of Adaptive Behavior, Osaka, Japan, 2008.

K. Hirasawa, K. Ayusawa and Y. Nakamura, “Muscle Activity Estimation Based on
Inverse Dynamics and Muscle Stress Analysis by Finite Element Method,” Romansy
19 — Robot Design, Dynamics and Control (Proceedings of CISM-IFToMM
Symposium on Robot Design, Dynamics, and Control (Paris, France, 2012)). Springer,



(19)

(20)

€2y

(22)

(23)

(24)

(25)

(26)

27)

(28)

(29)

23

Vienna, pp. 333-340, 2013

K. Ayusawa, G. Venture and Y. Nakamura, “Identifiability and Identification of Inertial
Parameters Using the Underactuated Base-Link Dynamics for Legged Multibody
Systems,” International Journal of Robotics Research, Vol. 33, No. 3, pp. 446468,
2014.

T. Ohashi, Y. Ikegami, K. Yamamoto, W. Takano and Y. Nakamura, “Video Motion
Capture from the Part Confidence Maps of Multi-Camera Images by Spatiotemporal
Filtering Using the Human Skeletal Model,” IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS) (Madrid, Spain, October 1-5, 2018). IEEE,
pp. 42264231, 2018.

T. Inamura, I. Toshima, H. Tanie and Y. Nakamura. “Embodied Symbol Emergence
Based on Mimesis Theory,” International Journal of Robotics Research, Vol. 23, No.
4/5, pp. 363-378, 2004.

Y. Nakamura, W. Takano and K. Yamane, “Mimetic Communication Theory for
Humanoid Robots Interacting with Humans,” Robotics Research (Post-conference
Proceedings of the 12th International Symposium of Robotics Research (San
Francisco, USA, October 12—-15, 2005)). Springer, Berlin, Heidelberg, pp. 128-139,
2007.

D. Kuli¢, W. Takano and Y. Nakamura, “Incremental Learning, Clustering and
Hierarchy Formation of Whole Body Motion Patterns Using Adaptive Hidden Markov
Chains,” International Journal of Robotics Research, Vol. 27, No. 7, pp. 761-784,
2008.

W. Takano, K. Yamane, T. Sugihara, K. Yamamoto and Y. Nakamura, “Theory of
Communication between Human and Humanoid Robot based on Embodied Symbol
Model,” Journal of the Robotics Society of Japan, Vol. 28, No. 6, pp. 735-745, 2010.
W. Takano, H. Imagawa and Y. Nakamura, “Spatio-Temporal Structure of Human
Motion Primitives and its Application to Motion Prediction,” Robotics and
Autonomous Systems, Vol. 75, Part B, pp. 2288-2296, 2016.

W. Takano, Y. Yamada and Y. Nakamura. “Generation of Action Description from
Classification of Motion and Object, “Robotics and Autonomous Systems, Vol. 91, pp.
247-257,2017.

W. Takano, H. Kanayama, T. Takahashi, T. Moridaira and Y. Nakamura, “A Data-
Driven Approach to Probabilistic Impedance Control for Humanoid Robots,” Robotics
and Autonomous Systems, Vol. 124, Article No. 103353, 2020.

W. Takano and Y. Nakamura, “Statistical Mutual Conversion between Whole Body
Motion Primitives and Linguistic Sentences for Human Motions,” The International
Journal of Robotics Research, Vol. 34, pp. 13141328, 2015.

S. Caron, Quang-Cuong Pham and Y. Nakamura, “ZMP Support Areas for
Multicontact Mobility under Frictional Constraints,” IEEE Transactions on Robotics
Vol. 33, No. 1, pp. 67-80, 2017.





