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Proposal of Gait Adaptation Model in Human Split-Belt 

Treadmill Walking Using a 2D Biped robot 

 

Yuji Otoda 

 

Abstract 

 

Recently, there have been several trials that use robotics as a tool for 

neuroscience, especially in locomotion studies. In the case of bipedal 

locomotion, human walking has been investigated extensively over several 

decades. 

A number of studies have measured kinematics, dynamics, and oxygen 

uptake while a person walks on a treadmill. In particular, during walking on 

a split-belt treadmill, in which the left and right belts have different speeds, 

remarkable differences in kinematics are observed between normal subjects 

and subjects with cerebellar disease. 

In order to understand mechanisms behind such phenomena, it is useful to 

construct the control model of human walking, simulate it using a 

musculoskeletal model and compare the simulation results with the results 

of human experiments. But since it is difficult to simulate friction, collision 

with ground, effects of elastic materials and so on, we would like to carry out 

experiments using a real machine (robot) rather than computer simulations. 

In order to construct a gait adaptation model of such human split-belt 

treadmill walking, we proposed a simple control model and developed a new 

2D biped robot walk on a split-belt treadmill. We combined the conventional 

limit-cycle based control consisting of joint PD-control, cyclic motion 

trajectory planning, and a stepping reflex with a newly proposed adjustment 

of P-gain at the hip joint of the stance leg. 

The data obtained in experiments on robot (normal subject model and 

cerebellum disease subject model) have highly similar ratios and patterns to 



data obtained in experiments on normal subjects and subjects with 

cerebellar disease carried out by Bastian et al. We also showed that the 

P-gain at the hip joint of the stance leg was the control parameter of 

adaptation for symmetric gaits in split-belt walking and that P-gain 

adjustment corresponded to muscle stiffness adjustment by the cerebellum. 

Consequently, we successfully proposed a gait adaptation model for human 

Split-belt treadmill walking and confirmed the validity of our hypotheses 

and the proposed model using the biped robot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



二脚ロボットを用いた 

人の Split-Belt Treadmill歩容適応モデルの提案 

 

音 田 裕 史 

 

概要 

 

近年，神経生理学における研究のツールとしてロボットを用いる試みがあり，

その中で歩行に関する研究がいくつか行われている．二脚歩行に関しては，数

十年にわたり人の歩行についての調査が数多くなされてきており，人のトレッ

ドミル歩行における運動学，動力学，代謝研究などが数多く報告されている．

本研究では，左右のベルトの速度が異なる split-belt型のトレッドミルでの歩行

パターンの適応現象に注目する．そこでは健常者と小脳疾患患者のあいだに運

動学的パターンに大きな相違が現れ，この現象の背後にあるメカニズムを解明

することが課題となっている． 

このような問題の研究においては，従来，筋骨格系モデルを用いたシミュレ

ーションを行いその結果を人の歩行実験結果と比べることが行われてきた．こ

のアプローチは簡便であるが，地面との摩擦や衝突・伸縮素材の影響などを完

全にモデル化しシミュレーションに反映することは困難である．本研究では，

二次元二脚歩行ロボット「鉄郎」を開発し，物理的な人の歩行モデルを構成す

ることで，split-belt上での歩行パターンの適応現象を検証する． 

本論文では，最初に健常者と小脳疾患患者の split-belt treadmill歩行の実験

結果を紹介する．次に，関節での PD 制御・脊髄における周期的な運動生成を

規範とした倒立振子に基づく軌道計画・脳幹における制御を規範とした遊脚着

地角制御（ステッピングリフレックス）から成る従来のリミットサイクルを構

成する制御手法について述べる．また，split-belt treadmill 上件での自律的な

適応歩行を実現させるために鉄郎に導入した，小脳における運動調節を規範と

した支持脚腰関節における Pゲイン調節を提案する．最後に，鉄郎と人(健常者

と小脳疾患患者)の歩行パターンを比較し，提案した制御モデルの正当性につい

て議論を行う．測定された指標の比率と歩行パターンの高い類似性は，筆者の



提案した仮説・モデルが正当であることを示唆していると考える． 

人の split-belt treadmill歩行実験を行った Bastianらは，脊髄・脳幹・小脳・

運動皮質を含んだ神経構造がさまざまな運動適応の制御を担っていると示唆し

ている．しかしながら，どの神経構造がどのような種類の調節メカニズムによ

りどの適応機構に貢献しているかは明確に知られていないと言及した．そこで，

筆者は，split-belt treadmill 上の二脚歩行に対する調節メカニズムを提案し，

健常者や小脳疾患患者の歩容適応モデルを構成し，2次元二脚歩行ロボットを用

いて構成したモデルの正当性を検証した．ロボットの実験で得られたデータが

人の実験で得られたデータに近いパターンを示したので，筆者の構成したモデ

ルが二脚歩行における人の神経構造と類似している可能性を示している． 

Bastianらは，以下の二つの調節機構が人の split-belt treadmill歩行におい

て存在すると示唆している． 

 

(a) 脊髄や脳幹における感覚的フィードバック適応機構(ストライド長やデュー

ティ比を調節する intralimb coordinationに相当)． 

(b) 小脳における予見的フィードフォワード適応機構(ステップ長や両脚支持期

間比の差を調節する interlimb coordinationに相当)． 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 歩容適応モデル図 

 

 

 



それに対して，筆者の提案したモデルにおける適応機構(前頁のモデル図参照)

は，Bastianらが提案した調節機構と異なり以下のように要約される． 

 

[a] デューティ比はおおむね運動学的拘束により受動的に調節される． 

[b] ステッピングリフレックスは interlimbコントロールであるにもかかわらず，

intralimb index(ストライド長)を調節する(脳幹における感覚的フィードバック

適応機構に相当)． 

[c] Pゲイン調節は intralimbコントロールであるにもかかわらず，ステッピン

グリフレックス(interlimbコントロール) と組み合わさり interlimb indexes(ス

テップ長と両脚支持期間比の差)を調節する(小脳における感覚的フィードバッ

ク適応機構に相当)． 

 

筆者は神経生理学における知見を基に人の split-belt treadmill歩容適応モデ

ルを構成し，2次元二脚歩行ロボット「鉄郎」を手段として用い，モデルの正当

性を歩行実験により検証した．構成した歩容適応モデルと Bastian らによって

行われた健常者や小脳疾患患者における実験結果に比率とキネマティクスパタ

ーンにおいて高い類似性が見られた．これは，構成したモデルが正当であるこ

とをほのめかしている． 

また，支持脚腰関節 Pゲインが split-belt treadmill歩行における対称性を有

する歩容適応の制御パラメータであることと，Ｐゲイン調節は小脳による

physic な筋肉の剛性調節に相当することを示した．したがって，筆者は人の

split-belt treadmill 歩行における歩容適応モデルを提案し，二脚ロボットを用

いて構成した仮説とモデルの正当性を確認した． 
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1

1.1 Ã ÄÆÅ Ç
ÈGÉ�ÊªËYÌ �oÍYÎ7�DÏ�Ð�6Ñ<o=-�YÒGÓ/.Ô��Õ×Ö5�D�m�-�Ø0ÚÙ�Û$¦2Ü5ÝYÞ$ß$6 [Schaal:2008] àá
âäã ��<]=���f-å Ë]Ì]æ�ç ( è+éYÓm�7¨ ) �-ê�ë$è]ì]�?0
H�íG4�6�¦�	5���mî â Ö5Û76�à
`���Ü�Ý5�mï��D�5���59Y4�6D<�=7Þ]Ûñð£ò]óY�mî â Ö-Ûm6�à Ijspeert

ã ��ô�õ�l�n$.�0/1
3öÕø÷YùöÕ
¦�(Ô¨���úvû$û2üY%��������ý0/Ù-ÛGÖ�þ]ÿ-ó ã ¥G_����ø������0ø[��äÕøÖ]Û-6
[Ijspeert:2007, Ijspeert:2008] à Maufroy

ã �Yµ��D� ËoÌ lYn�.Ô�	��
��Y�?0ÚÙ$Û�¦o�-'ªé�
ªÓ
�-ú×¨v0×���ªÖGÛ�6 [Maufroy:2008] à �G�Y�o�m����� Ê	���YÉ �/î]¦����7�ø�G�+�Dò�Û�Ö���ï
A��8©���� â Ö �D¦Dà"!�# ã �$�?��%'&�(�)$å����+*+	 Ê-,�. _Gco�����0/
021�Î7AG�8H�3
ÕÑÖ$Û�6 [ !�# :2006] à-�?�ñ�'

�54Ñ'ý.��G�7��Ï]Ð$676�8oÎ Ê 891�Î Ê2:�;�<>=�? �@/ªÞ �A ðCBEDF� â Ö�Û56 [Reisman:2005, Morton:2006, Giese:2007] àHGEI$d7�'J�K5L>M��2NEO �
¢G¤$���EP�Q?�
©���å�R�S��'T]4+6/¥o_G¯?�
HE35Þ���î â Ö�Û56 [Rogers:2003, Spek:1999] àá2â ã �D<$=?�Ô&VUFW?&£�5Ó]��ú�¨YXEZ-±m�Dk�Ù+��¦�	��
�]î â Ö�Û-6
à�®�� ÊE[�\ �^]
. � �
¡��-Þ`_��-6 split-belt a9b�c5�
���9d�e�Ó?¨D�/j]k�02©gf?6�� Ê b�c$d���e$f$g�h
h$d�c-�'6�8�Î�Ahdie�Ó?¨v�>jk�h�Hl�m7Þ`� â 6 [Morton:2006] à
���D����[]\7�YÏ�ÛGÖ Ê�n ��oHck/8�+°5p��v�$�-Þ��5î â Ö�Û-6�ó5� Ê REq�r9s�tmó ã
�>u�v��>w ãhx 6�0$y ��Û�à á ���9z?�>{��$ß]6$êYëGè�ì$�+02H?íY476o¦�	��$� Ê ��
9�
�ml�nG.�0/Ù-Û�¦]�7'�é@
ÚÓ]��ú�¨�02�7Û]`���|E}Q0-���
���$[]\�|E}ñ�Y~9f?6 á �ÚÞ�[
� A�c-ß]6
àÔÕøó�Õ .�� �8�����]å��E� ����� ;E� �>���0�i/v0G�7'�é@
ÚÓ � 4?6 á �ÑÞ
��� c]ßk� Ê ó�ò áøâ ã ����*^���h�v���'������Ï�ÛoÖh�����2NEO�cg�g�'�����$ch�¡ +�H¢£E¤@¥�¦g§�¨h©�ª�«�¬'­E®@¥7¯�°²±³£�´gµ ����¶$�$·�¸g¹��9�5¶7º�»�¼��'½E¾�¿2À@��Á Â Ã
split-beltÄEÅ�Æ�¿2ÇEÈ��EÉ^Ê�Ë�Ì�Í`Î�¿'Ï�Ð ¥ �5Ñ ¨�§ ��Ò�¿'Ó�Ô@Õ�Î�ÖE×�� ´�Ø�Ù Æ��'ÚÛ ¼�Ü ¬�§ ¿^Æ�¢"Ý�ÓEÔ�¹`Þ ¿>ß�à�Æg���'�YÇ�È�á�����â5ã ¨ �H¢ Bastian Ü [Bastian:2008]

¹ SLIP Ì�Í^Î ¥$¦g§^¨ split-belt treadmill äE¿^Ì�Í^Î ¥ Ï�Ðåã^æ�ç^¶Vß�à ¨�§ �$�0è"È��E�
( é�ê ) ¿ split-belt Ä�Å�Æg¿2Ê9Ë�Ì�Í�Î�¿>ÏEÐ���â5ã ¨gë ¢9ìEíîÜðï Grillner Ü ¬�ñ ��æ�ÃCò

10



óõô ��ö9÷ ¨�§ �`¹�¢ £�¤i¥'¦�§ ¼HÓ�Ô�Æ ë ì9íøÜ [ ì9í :1999] ¹��9ùiÜY÷ �>�9úøÜ ë ¢�é
ê^¿>��� £gû ÁåÜðüøÜY÷�¼>À�Úkæ0Ã	Ï�Ðýã>¼>ò�þ5Ì�Í�Î ¥Eÿ������ � £�� ã7¢��9��ÊgË ¥£�´ ã ¨�§ �>��¼��`¢F�H¿�Ó�Ô ëgÿ��	��� ¿�
 ªi¥���
 ã ¨�� Ã�������� ¥ º�� ã ¨�§�¬§ �9�h÷���� ã ¨ Ý�ÓEÔ�Æ ë ¢ 2 �������	 `¿!������� ¥ º"� ã'¼'Ç�È��9É�Ê9Ë�Ì�Í�Î ¥-¯°�µ ���
Ý�ÓEÔ�Æ ë>¤ Ï « �$#�% ã'¼!
 ª ¿ ¬�§ 2 ����Ç�È���� ÿ"�&�&� ')(+*�,5¥�-�. ãY¢!/0¿
��É^ÊEË�Ì�Í^Î (Figure 2.8 0�1 )

¥ Ï�Ðåã+¢���¿`Ì�Í^Î9¹ ñ ¿�æ�ç-�$2 §�¨�§ ��Á43�5 µ �2�
6 ¼�7�8�9�:�:�¾0¿>�9�<;�= ÌEÍ�Î ¥ Ï9Ð µ ����¶-¹�Æ&>'÷@?`¢"A�B « ��CED�FGC ï��9�H�I��&JLK ¿�Ë ¦ ¹LM�N�Æ&>��>�

1.2
O P Q R S T U V W X Y�Z [ \ ]

80 ^�_�ÁkÜ 90 ^�_a`bMGc`Áed ¨ ÇEÈ ÿ4�G�G� ë$f@g c2ÓEÔ�h$÷�¼ [Miura:1984, i@j :1985,k�l
:1989, mon :1996] � 90 ^+_�`�Moc�p	q�r�¿ ASIMO ïts!u�Ö9¿ QRIO

¬Fñ ¿<v�w�Ö�x&y
z|{ ÿL�	��� ¹ -}. h'÷ [ ~�� :1996, Hirai:1998, mon :2004, j}� :2007] ¢�Ç�È ÿ��	��� ¹��� « c>À ÜY÷<��æ çbc ¬ Ã ¢0â�� ë 6 µ 6 µ�� 6 Ñ ¨ >`¼"� ´��t� ÷ Ü$c�_���h'÷<� óõô

¿>Ç9È ÿ����o� Æ ë ¢ ZMP(Zero Moment Point)
¥���� ¶�ã ¨�� Ð ã>¼����oc$����h$�G�

��� ­�® (ZMP ����� )
¥'¦�§�¨�§ �!� ´��t� ÷ Ü$¿ ÿ��	��� ë ¢��õ  ¬H¤@� ¹���»FÜY÷ ¤

Ï���æ�Ã������ ã ¨ >h¼4�¡ �¢ý¶ § ç�£ Ù ÁkÜVÚa� ¶ ¢¥¤�¦�Æg¿� �¢ ± á�¢9¢�§�¨�©@ª�¢}«
ÜY÷�¼�¬�­�Æ�¿4®�¤�¦� �¢ ¬�ñ2ë>£�´ Æa> ¨�§ ��¶$¯ Ø cH¢ £�°�± c>Ú ÜY÷<�$��� ¬ ¬�­
² ¿'ÊgË ë ¢ ¤ Ï�ï���� ­9® ¬�ñ ¿>þ�³�c5æ0Ã�´�µ&c�¶4·�Æe¸+����¯ Ø c!¹»º�¼ � ×�c �§�¨�½�ª�¾�¿�¥�À+Á4Â w"ÃgÖ»Ä^¿�à�Æ���Å�Æîã ¨�� Ã ¢ � Ð�h>÷<��Ç�È�¿�ÃgéhÎ&ÉbÊ�Ë�¹
æ § ¶ ë�§ » ¬E§ � 6 ¼h¢�����¹}����Æe¸+� � ¶}�¡· Ù Æe¸+�!�
Ì ÷�c!� ã ¨ ¢ ¤ Ï�¿�Í�Îgï�ÏeÐ ¥�Ñ Ê�Ò ¦ ã7¢9Æ&>���« Ã À�Á4Â w"ÃgÖ@Ä^¿ � Î Á�Ó

Ð ¥ 7�h ô µ � � ¶"Æ�ÃgéhÎaÉbÊ�Ë0¿�Ô §  �¢ ¥�£9´�µ �$��� ­9® ¹e¸+��� � ¿���� ­9®

c�æ0Ã � Ð�h'÷<�$ �¢ ë 'ÖÕ�Â w�×>Îor z Õ�Ø�Á º ¥ Ò ¦ ã>¼! �¢ , ¶bÙ�?^÷ ¨�§ �!� Ì
¿!_�� «�¬�Ú ë ¢ À�Á�Â w�Ã�ÖeÄ ¥ÜÛ ¼ ¬�§H¤ Ï�¹"Ý ¥"Þ ��ß�È� �¢�Æ+¸�� [Collins:2001] �¤ Ï�¿ Û»à r z Õ�Ø�Á º ¥bág¦ Æ&>��$Ç�È ÿ��	���Vë ¢�â�ã ¬ ����ÆLÊ�Ë «E¬  �¢ ¥�£�´µ � � ¶�c2Êîã ¨g§ �!�ÿ}�	��� ¹�Ç�È� �¢ ¥ ¢ ç�¼�ä9¿���� ­�® ¶Eã ¨ ¢ À å�æ « c4ç�¹Lè+éýã ¬E§ ��� ¥b�

Ðýã Ì ¿4��� ¥ �+�th��G� ­9® ¶Y¢ Á ���g¢ ¤ Ï�¢�¬�­ ¥$½5¨}ê<g �"çac5æ�Ã�C Ø��	�ìë
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z Á Î ¥ Ï�Ð µ � ­9® ¹e¸+���L�îí ¬ ¬�­ac'Ê�Ë µ ��¼�ä�c ë�ï ¾0¿���� ­9® ¹hÊîã ¨�§

��¶ñðòí ë º9»@���óC Ø����ôë z Á Î ¥ Ï9Ð µ ��¶b¯ Ø c�Ê�Ë « ÆhÊ�Ë «E¬  �¢ ¥�£�´�µ

��¼�ä+cH¢õC÷ö�ø � Ð�ù�ï�ú ª ¶'¿�û@>ýü�à ¤@� ¥'¦�§ ¼�Ó�Ô�¹ § ô¥à Áe¸+� [Taga:1991,
þ"ÿ

:2003, Endo:2004, � l :2005, Aoi:2005, Geng:2006] �´���µ �>ÇgÈ ÿ}����� ¿��+� ­�®@ë ¢ ZMP �+���e�+� ­�® ¶�C Ø���� ë z Á Î ¥ Ï�Ðµ � ­�® c � æ Ì���� h'÷<� (Table 1.1 0�1 ) �4/ ë ZMP ��������� ­9® �<C Ø��o�ìë z Á

Î ¥ Ï9Ð µ � ­9® � ¦�§ � � ¶"¹�Æ&>����iã�ÁFã 
 µ� �¢ac ��§�¨ ¢L/ ëLÕ�Â w�×�Îor zÕ�Ø�Á º ¥bá�¦�µ ��¼�ä�c�C Ø����ôë z Á Î ¥ Ï�Ð µ � ­9®i¥>¦�§�¨�§ �0¶ § ö9÷ ¨g§ �
[Miura:1984] ����»@c!ðîí ë ¢ ZMP ��������� ­�® Æ ¬ ô C Ø��	�ìë z Á Î ¥ Ï9Ð µ � ­®i¥'¦�§�¨ ¢�/�¿ split-belt treadmill  gÉ�Ê�Ë�ÌEÍ�Î5¿�Ï�Ð ¥ ¢�Ñ^¼"� � ÷ Ü 2 	�

�����
 �¢������������ Þ c������G�!�

Table 1.1: General classification of bipedal walking control method.

����ç �
� ��� ç � �
ZMP Limit Cycle

���"!$#&%ñ������� '�( ) Ç�È�*�Ä�+Gq-,�!
!.#/%10�¢2�43�5 !.#/%10�¢2�7698�:;�<
=9>�?A@ B
;�<
=9>�?9@

1.2.1 ZMP CEDGFIHKJMLKN
O�P

ASIMO Q QRIO RTS�UWV�X Y�Z\[]�4���/^�_�`�a (Figure 1.1,Figure 1.2 b�c ) dfe^¢
ZMP(Zero Moment Point) �hg�iE%Aj]k7l�mWj�n�o�p Rrq�s/Vht2Yh���A��� (ZMP u�v�w )

�rx�y9k�y�Y{z ZMP �|g�iI%}�fYh���A���~�rx�y�Y�67� =�� ���~^T_�` a�� �7� >A?�@ d
U"�.Y.%ð¢ Figure 1.3 ���$�|R � Yhz��9�]d^¢����fe 2 ���9�7���$%�j�^�_2`fa��r�9��e{�A8�h� Rr� � j|k�y�Y�%1���"�fY{z7��� � ^T_~`
a�Rr�A��� a �TlW�|k�y�YT�^¢��A� m R¡ � 
Y|¢A£ � %�¤ ��¥r¦�� R���§©¨9l"�.Y > +�ª�«�a¬�4­9� (x ® ) ¯�d9°$^f% � Y�± � ZMP(zero

moment point) %|y/��z$� ¥ ZMP � foot
¥�� RA²¡X�³H¢µ´�¶�e�·¹¸�¯9�.Y��"% � [»º�¼½j �

y ¥ d�¾9��d"²�Y{z¡¿.�hd�¢ ZMP � A(  � /% )→B( À.Á]Â ) R{Ã��"�fY"�.� � ZMP
¥
Ä iAo

p/�]Åfk (Figure 1.4-(a) b�c ) ¢"¿¡XfR�^¡_�`~a ¥ 0�Æ ¥ ZMP �|q�s/Vht2Y"��� ��Ç ÈhÉ ¥Ä iAoAp¹�|l�m · q�s¹Vht�X�³4¾9� � ���~�|0 O d2¸�Y{z�� ¥ �^¢ Ä i ZMP R{­�Ê ���h� ±
�{67Ë/Vht�Y�nAÌ�R�¢r¢�£ ¥{Í ¸ � 8~�]´�Î ÈhÉ (C ± ) R�,.Ï.VrX�n�Ð�Ñ�Ò�Ó�Ô�+�Õ ¥ a @
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Ñ9R.��Ö�k7Ã��/V{t ��× X$³ �¹Ø]� y ¥ d�¢¡´.Î ÈrÉ R�e Í ¸ �A> +.Õ��hÙ�ÚK%���Y�z�Á
nH¢ ZMP �{6�ÛAÜ�Ý ¥ foot R{ÞA0
R{Þ�ß"�fY�nAÌ�R�¢à%�§�á × ZMP �|g�iI%}�fYh���~�]�
�ãâ"Û��"�.d$e foot e Í ¸~[ �"× X$³ �¹Øh� y (Figure 1.4-(a)(b) b"c ) z foot ��¤\[ � Y
%
Û ¥ ¢�£ > +�ª$«¹a©� Í ¸
[ � Y�nAÌ�R , ä ÈhÉ ¥�å �"æ
� Í ¸
[4j|k Í ¸ � a @ Ñ��]¨�l
Vrt2Y{Ù�Ú.��²"Y�z&j] ¹j7¢f¿��}��Y2%ãç~R ÈrÉ�è ���
e�é/V [ � Y9n�ÌTê�ë.yT�/¸�d Ä
iAoAp Rhq�s¹Vht�Y��"%-��ì�í
R � Y{z�î�¯ ¥ ±�  Ø ê�ë�y4�¹¸9ï]ÙAÚE%}ðfYh�A���2RAeH¢ñ�ò = R�óAyAk�y � y7z�Á9nh¢�ô�õ�ö�÷�ø R�ù�yAk ¥ ­�Ê"ú �r� ± ¥�û ü ¢&ý$§ãá × ôAõ
ö�þ�ÿ.����� ��ý�R.�AÖ�k��$á Ö�k¹jTÁ~�T�f� ���  �y	��� R�ù�yAk ¥�û~ü e Í ��ìTí.d
²"Y9n�Ì`¢AôAõ�ö����
R�
4óAy�k�y � y¹ý
��� Ø X�Y�z$¿ ¥�� RH¢ ZMP ï foot R�ß/Ö�k�ù
[�R�e��
R���ï����7k�y$YrÙ�Ú.��² § ¢���ï��2³7ð½ý�����±Eýhy&���! $� ü#" � yTÿ�$
R� Ö�k/jTÁ � ¥ d�¢�%'& ¥ �f� � ��ï��2³ j�n����2e B �
R{íIj{y �)( ¥!*�+ 
4²"Y�z

Figure 1.1: Photo of ASIMO.
Figure 1.2: Photo of QRIO.
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Figure 1.3: Dynamical model of ZMP based control method.
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x

Forward

Landing leg

ZMP reference

(b)

Figure 1.4: Setting of ZMP reference.

ZMP ,#-/.10�24365�7�8!9;:�0�<
Figure 1.5 e foot R¡ù × Y�ú ¥�=!>@? d"²�Y{z;A�¤2eCB!DA��E�8�d/F�G@H � ¥ d�¢�´@I ¥
ø/J ¥ �#K R�L P ð
Y{± R�M"x�ð2Y#N�O � ú R ý�jhk�Á ýrÌ Ø X2Y4z�ú/P
ÑKa @ R ��Q/R
ðfY�� ¥ M�x9±~ï ZMP ýTS�U¡z ZMP eCE�­�Ê�ú ¥��h� ± (Center of Pressure; COP) ¿ ¥ 
¥ ý�jhk9�!V V�X�k�y.Y [Vukobratović:1972] z;B/D��~R�W;B.ð
Y{´fÎ È{É a @ ÑARf��Ö�k
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COP ï
X�Y = R#Z!M"ðfY��"ý-�	[1\�d"²�Y{z 5.1
É d�¢ COP ïTZ!M"ðfYh´�Î ÈhÉ a @ Ñ ü

úfR�] Ä j ZMP �! �^/_�` ¥�a�b ýAj]k ¥�c L��
R È jhk��	d¹ïh�/Ö7nTz

R

ZMP

Figure 1.5: Definition of ZMP.
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1.2.2 e)fhgji@k4lnmporqts4uwvyx
HKJMLKN
z1{@|�}�~;�����!�
� öEj]k�y$Y foot ��M�YrZ è þ�¯�R ZMP ïhß$À~�$ý � [ ���.�7�"á�X�YC��ï'¢4¼�Å��!�>�?9@ ýAj]k����.Y$��ý���d ¸9Y�z4���
R7ù × Y{¼�Å!�!� >�?9@ e Figure 1.3 R7ù�y�k x ®
¯9d A = B = C ý � Y'¢9À.Á�§»Ü�Ý�Û���d¡± C R¡ù�y9k¡±@B�öWjY¢ x ®����2R{¼"X �.�9ý}ð
Yr¼�Å��!�Ký � § ¢�¿ ¥ Á�Á ¥ ÿ!$$d¡º�¼�ï����-n�Ì�R�
.���@� ¥ Û�ï
�\§ ü j]k7����ï
Ü��$Y
ý]y&� ���¹ï��G§��Ej}�à������ï7y&� z/� ¥ ���"RC���"y�n��! �^/_�ïh¼�Å!����w
�! �^/_Eý��E� z&� ¥ ¼�Å!����ÿ!$$d�²�Y¡��¢9Ü�Ý�Û�´$Î ÈrÉ R7ù × YEa @ Ñ ü ú.e9°f^� ¥ d ZMP e��
R�± C R�L P ð�Y�z&� ¥ ÿ!$2e���� �;�!� E!� R7ù�y�k�ô�¾A�$d$²"Y�z/j
 ¹j7¢&� ¥ ô�¾A� � ÿ!$�ï]Ü�Ý�ÛEý���Û ¥��!� ï��M§��.ð���ý|d��� �`�a¢¡�£$ÑC¤ ï ò m
j}¾9��¥½j|k�y�Y{z
Á�nH¢�� ¥ �� @^!_�d"e{Ü�Ý�Û�´�Î ÈhÉ ý ZMP

¥ ¾9��¦���ï�§¨��© Í
¸�ª foot ��«9Ú�ª ¥�¬ ¢­��®$ïT¯r°ãð�©�±"ý­² ¬¨³ ©#´ a@b ý;µT¶�·�¸C¹�º�»/¼!½1¾)¿¢²�ÀÁ °�ªpÂÄÃÆÅ�Ç�»/¼�È�¸�É;Ê�ËÆÌ
À Á °ÎÍ�Ï ¬¨³ ©C´Ð±
Ñ�Ò ZMP Ó�Ô�Õ¨¸CÖ!·'×	ØtÙ'¿�Ú
Ò�Û!ÜÆÝ ¬�Þ ©�´�ß)à�¶@á	â�ã!ä�å!Ó!Ô!ÕÆ¸�Ö�·t×�Ø)Ùt¿æÒ�á ZMP Ì
ç�èéÚ­ê�©#ë!ì�»�í
î ¬�ïtð�ñ á�ò/·�ó�¸/Å#Çõô�è!ö�÷'¸Cø/ß�ë!ì@ù�ÑpÚ�µ
¶�ú�ûýü ³ ª�þ�ÿ Ú ����� Ñ�©��� Ý�ª	ë!ì@ù�Ñ1¸�	�

� ����� Á Ñ�© ñ�� á�×�Ø Ù)¿æÒ���� °Î·)Ì��
��ê)±�Ú ² ¬Æ³ á��
Ê������ �õµ
¶�!�©�´#"�$�% ¬ Ò�±�¸�ë!ì�&�')Ì�()! ñ ´+*�,¨Ý���Ò	á�â�ã!ä!å�»!í î Ì
()!@¶�ö�÷�-�.)Ì � à ñ (4.1.3 Ç�/�Ü ) ´
®
0 � [ ®
0 :1981] Ò�1�2�·43�5�687:9 Â ¸:;@Ê�<=�?>@à�¶A@CBÆ¸Cò/·¨¸�3�5�;�<)Ì�ë�ì

ê?D�E�F;Õ�Ö!·A���'×	ØtÙ'¿ G Biper H�Ì:I+J�µT¶�!KDC´ Biper ¸�L�,)MONtÌ Figure 1.6 � P
ê�´ Raibert

�
[Raibert:1986] Ò�áCQ:�ÆÅ�Ç¨¸�R4S4<T�)>�DU� Á ¸�ë�ì�áV142!·�WAS1óX��Y4,

²+5�Z8��ÛÐµ
¶�[�\T�A]KDK>_^���ê_D Y�,!ë!ì/á�`�>�a�á�ò�·4b�5�c_d�ÌUe�f Á g D1±�Ú
�K>+D:h_i�¼kj á l ÏAf@ë;ì'Ì�(X!	á 1 á 2 á�`T>�a 4 ·Æ×�Ø�Ù�¿Î¸ m4� ( n�Ù�i!¾Oo ) � .#pÐµ
¶�!KDC´�q@¸CÖ!·)nÆÙOi�¾+o@×	Ø'Ù¨¿ ¸�L�,)MONtÌ Figure 1.7 � P�ê�´ Wisse

�
[Wisse:2008]

Ò	áC���@Ê�<)ÌUe � ¶ ô�è4���@Ê�<)Ì�r�21ê_Dts+u/Ù)¿wv
x)y î ÕÆ¸�Ö�·)×�Ø Ù)¿�ÌOI�J
µT¶�!KDC´)q@¸CÖ!·'×	Ø'Ù'¿ ¸�L�,)MONtÌ Figure 1.8 � P�ê�´+z4{ � [ z�{ :1979] Ò�á�i/Ù}|
\AZ�~C����� Á Ñ�á;·���S�� � ÌU2
��Ö��������=��Û��U�;á�s+u�Ùt�wv?x)y î?� 2?�Cl@Ï� ÌU��(�� ñ ë�ì4�8���A��� ñ������k� [

�#�
:2002] Ò�áKi!Ù�|�\CZ�~ ���K�)��� ����y�|X�

�X�)� � ]4!O�=��Û��U�� �¡ÆÝ4]K¢�£ � j¥¤ÐÙOy�� �¦^+§�Ú��?>=¨ÄÖ��4���t�U©�ª�����!
D � 7 ñ áVG¬«­¨®H4��¯ � ñ�� � �
�_��� � î y��4°+±/êTD�²�³8�#�X!��)ûµ´�¶·� �X!?D �
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¸ áC«­¨¹��¯=� � º � [Hodgins:1991, »8¼ :2005] ]t½�¾ Þ D �

Figure 1.6: Photo of Biper 3. Figure 1.7: Photo of bipedal hopping

robot of Raibert.

Figure 1.8: Photo of Wisse’s 3D bipedal walking robot “Flame”.
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¿�À�ÁOÂAÃXÄAÅ ÆÈÇ�ÉKÊ4Ë
Ì�Í -�Î�Ï � ��Ð�× � |�Ñ+Ò � ����Ó4Ô4Õ
¾+Ö�×8��Û��U��½ � >?^�� �XØ�ê_D � �T� �Ù �4>_^!Ú êTD�$�%?¾K]_Ú:Û��K!
D [Takakusaki:2008]

�AÜ�Ý
[
Ü4Ý

:1997] ¾�áC-�Þ ��ß�à �á4â ê?DU���ãs�ä4å�-�.4æ CPG
��ç4è
é í î [Matsuoka:1987] � (K!C�	Ö��A���=ê?u:�?ë �

ê�ìOí#��.ApîÚ g �4ï�ð�á Üòñ � $�%�ó)¾8§ � >?^�]:ô�õ4ö!ä���å���()! ñ:÷ J¨Ý����4-
.=��ø­¨¹ù
ú=>?^ �A]�à ñO� § ��û Î=ü�ô�õ�ö!ä���å ��ý �þsVä�å;á�ÿ������ ��� �þsVä
å áCÖ�×éÚ ���	� ¯�( � sVä�å ��
 �Xo�� � ¤ î ] G
��������ª���H�� J4-�Ú g D
§����
>@à:�?�k����y � �Uö�.�ê_D [ ��� :2005]

� q ���	� �A�U�Cl��
Ñ ��!T]:��� � �)¾�s�� î
� xAå)��-�.�Ú�ÛTD �4Ü4Ý ü_§ � >?^U] û Î���"$#�! ñ i�%U|#\AZ�~:Ñ �'& �4���8ê_u+�
ë � ê8ì:í+�U�'à���!KD [

Ü4Ý
:1997, Taga:1991, Taga:1995a, Taga:1995b]

� § � >
^µ] ÷ J
Ý �4�#-4.)( ë@ì é í î ü�*)!�l+��,.-8��/ �µ�A`�¨¢á Þ D10C< ��2.3 Ó+4+5A5T�#Û��µ�Æû
l���� ñ ����6 �#� í��U-�.�Ú g D �87�9¦� ü;:=<���I�J�� ñ KYS ä���å>�1?�@#Û?D�ô�õ
ö�ä��@åt� (K!C�=iA%}|OZ�~�Ñ ��& �A���=ê_u��=ë � êtì�í#�U.CpîÚ g ��!KD [

7�9
:2003]

�
q � äK��åtü Ü�Ý é í î CPG �CB	D¦� �E�E�F�G�H,A-T¾.* ñJI *�KML�Ñ � NAO�çQP�� ¾RTS Ñ�UXDV�XWTY��U�AZ)D � ô�õ�ö�[�\	]���(�ZA� ^�_��`_ba ©�c>�A�U�Kü�d��G� ef%t�
[ gEh :2003, �A� :2002] ¾+i�jGkCÑTU�l � & �?Ñ)ü�mAnpo [Aoi:2005] ¾�©Ac?Ñ 3 q�r�s�tvu Iw�x o [

w�x
:2004] Ó Geng o [Geng:2006] ¾+©Ac)Ñ 2 qQr	s�tvuHy'^�_t��©�ª�Ú8zA{QZ�l ��wx o I Geng o`y &�| � ef%f}~y'���T�H���.�+ÛT��Û Figure 1.9

I
Figure 1.10 ���T�;�

Passive Dynamic Walking ���$�M���	�����
Passive Dynamic Walking( �H� PDW) � I��������+���M� �H�f¡ ¢;£H¤ �8¥�¦�Z.{ McGeer

[McGeer:1990] �T§M¨ª©�«v¬�­T®'^�_�¯�U�l'� PDW � °�c�±Vy�²T³ � �+�v¡ ¢ £µ´�¶V·�¸¹ �Gº ��»�¼���lE½ ´ ¯�° ¸ ¹ ��º'¾Q¿MÀ�Á ¯.ÂÃo1Ä ÀAÅ ¨~ÆÇ��\MkQ� Å l'^A_v�+ZÈaª�
McGeer �;°�É ¢�����¸AÊ�Ë �F²V® ÌHÍ ´XÎ � passive

ÀAÏ`Ð �1ÑTÒ�®�Ó | c.±G�8¼QZ.{H°CÔÕ�¿QÖTÀMÁ ¯H×$Z Ø	tT¯�y 2 qQr.^�_���Ù�Ú Á ® [McGeer:1990] � Collins o [Collins:2001] �
� ­T��Û;Ü�Ý��1²$³ 3 qQrQÞ�ß � �1à�á Á ®;�	�$½8¯�� °;â��1ãfl�½ ´ �T§.ä'{ yaw åVæç¨
y+æ'èM�Fé�¬Vêìë�Ò °�§$¨îí.ïEk	�FðVñ�y8^	_$�1ò$ó'^	_��Cô�õ Á {	óQl8�	ö1÷�°1Ô ÕÇÁ {
ó À óQy+¯ ø�ù�y�ú�û��'ü�ý��El�½ ´ �.¯�þ À ó�ÿ�° ^�_���Ý�� ´ ø�ù ´ ÿ Ö�� k������
áA¼M���È½ Á °	��þ�

���ba ½ ´ �T§�ä�{������El�������ã���¯��Ql�½ ´ �������Q�El	����EÀ Ù��T¯.°! ê�y#"�$&%��('&)µ��*
+ Á ® � Collins ,`y�Ó |.-0/21 } � Figure 1.11 �
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Figure 1.9: Photo of Endo’s bipedal

walking robot.

Figure 1.10: Photo of Geng’s bipedal

walking robot.

�Q�;�43�±$y8²Q³ �;� ��¡�¢�£ �F»�¼�¯Eþ!5FÓ |
-6/71 }ª��°(8:97; À(<�= �Cô.õQ�>5Q½ ´
�@? Á�A ó�5 [ B�C :2003] �ED�� <�=
FH���V�	�'�G� �.�µ¡ ¢ £ ��G	H�� Á ®�Ó�I <�= Ô ÕF ":$ ´+Á�A °4JEKL, [ J�K :2004] �7MON ¸ ¹ �$ºQPER:S&T Ô Õ �`°4U�VEWL, [ U�V�W :2004] �X�Y2Z\[ Ê^]`_ 1 ¢ Ô Õ2a ©�« Á4A ó�5��cb.® ° Wisse , [Wisse:2003] d:e2fg, [ e2f :2005]

� °Eh�i&j�ð�k�l a ¼�óA®	m 1 �0npo	qsr&t Ó�I -!/u12vxw!y ó A °6D�� <�=2a G7H w Á
®(8�9 F�z ó <&=.a ô	õ ÁQA ó{5`�}| w f�~L, [Takuma:2006] d!�2f
, [Tsujita:2007] �;° v�#1 ]C¡ � Û+¯ _	�>��F on/off

FQË;�V¡����:aQ�.ÐÇÁ'Ï1Ð7F��6�.a úTÒ\5�½ ´ w §E¨ <�=E��.a ú�ûf¬���®;�@�$Ò A Chemori[Chemori:2004] ,1�;°!��É �(� ��� n2a ¼�ó A ô	õ Á ® <=gF!�����pa@��� Á@A ó>5;� é�K^, [ é�K :1994, Ono:2004] � Î w É ¢ �V� ¸�Ê$Ë&a ÑVÒQ®
3�±�¯�°:� ���:�&�ua ¼�ó A v �M¢:��Öca4=�� � Self-Excited Walking

¤
a:�E¡ � � Ê��2�
� ¯!��� Á °Hô�3�¯ ô�õ Á4A ó�5#� é�K^,�d Wisse , F 3�±V� ° McGeer ÿ&�!� Á ® <�= 3
± ´ �&  w(¡ ®'±E¢ a�ÁQA y ¨J°�£�¤ F I a Ó&I F § � w �	áf¬��75�½ ´ ¯+° 2 ¥�¦:§ nuo
¯ F Ó�I <�=2a ô�õ Á4A ó�5#�.é�K�, F ¼TóA®'Ó�I&3�± a Figure 1.12

w(¨>© �gb.®#ª&¤�,
[ ª&¤ :2005] �@D�� <:=	F 3:«	; À6��� û F@¬:­ �+ÿH° CPG

´Q®(¯TÀ'¶ � ( °�²�I²±´³�I:µ$ñ )�	Ð ¯��\5�½ ´6a ¨ Á4A ó�5#�
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Figure 1.11: Photo of 3D passive dy-

namic walking robot of Collins.

Figure 1.12: Photo of Ono’s bipedal

walking robot.

1.3
¶ · ¸ ¹ º » ¼ ½

½F­>b�¯'ð F@<�= Þ+ß � d!¾ = Þ.ß �
a ±+Ù Á § �+´x¿ �T§ �H´ °ÁÀ� pê F ":$Qÿ À ¬1­A ó\5 [
oQÂ

:2006, Ã&Ä :2007] �4ÃEÄÅ, [ Ã�Ä :2007] d!Æ:ÇL, [ Æ&Ç :2007] �@lEÈ�É:Ê ´ÌË:Í Ê F
�0�.á.¼ w §#5}ÎE�!�+Ù w ¥�¦�ó.®Cð FQ<E=	��¡�� � ÊE�{�}��aÏ= ä A ó&5���Ð Î [ Ð Î :2006]Ñ °@Ò�ÞpÓÌÔ Ê £ v F  �Õ P�REÖ:×EØ�ÙgaQÚ ó�Û�Ü�Ý�Þ�ßEà <E=\á�â6ã{F Î:Þ!ä:åçæ Ø�Ù
a 2

¥&¦!§ nco@è\�{é4ê �ìëLvÏí A�î 5��Qï:3 a4Ú�î Û�ï�ð è Ñ(ñQò r�óEô (Figure 4.3G:õ )
Ñ <

= w ñ
SLIP

á0â�ã
(Figure 1.13G�õ )

Ñ ¾ = wQöuí A&÷�ø�ù(ø#ú!û w Ú&îcüxøEAEî&ý � Bastianü
[Bastian:2008]

Ñ
SLIP

á&âEãca(Ú�î�A
split-belt treadmill þ è{ÿ ¾�� á&âEãca�� å í�� �

æ ¿��	�:î�ý ��

� Ñ ß�������� v a4Ú�î Û�� ÿ split-belt treadmill������� á!â0ã{ÿ�� å��
�� �:î�ý"! tied-belt treadmill � Ú�î	��ÿ�#�$	%�& [Hirai:1998, Tsujita:2007, Nomura:2006]' î)(+*-,�.&ý ' ñ�/�0 ÿ�1
ý2,4345

split-belt treadmill þ7698�: ý ��� á!â0ã\ÿ;� å��<�= ��î�ý?>
ÿ�#7$A@�ã ëCB�D ñ	E4F	G è D�HJI Û ü"K�î	!L�#�$7M 6-84: ý ß��A�-�N�AO ÿP#�$ D ñ 2003 Q 4 R � 5TS)U  !Û !-VCW DPX ÿ4Y"Z\[
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K=]C^ ë`_ba �Pc�6 � 5	d�e&ó ÞA��f�ähg;i�j�k è�ÿ ���A��l � Û !�m�n [
m�n

:2005]
D-o

Ø:ó Þ X æ"p�q ( r=sut � ) v=w4�"x �9yCz i�Û?{7| ñh}�~�� ä&å�� � CPG(Central Pattern

Generator) �?� î�� �C�)g;i �4� æ�l �C�P!�� ' ñC��� í � ���A�4ï E�� ý�� æ D��9� è.  ��! �  � 
�� D ��� K �C�A�4ï E�� ý�� æ '��C��� è=.\ý æ���� ñ0ò�� ó&ô	á&âEã
�?� î��?� Þ�ä�å�|A���=� í �P!

Figure 1.13: SLIP model.

1.4
� � � � � �

L�#�$
ÿ\�?[ D ñ � ( ��� 0C �¡7¢7£�¤7¤70 )
ÿ

split-belt treadmill þ è{ÿ �����C� á�â:ã
�4ß��A���N�AO���{7¥ æ í � � î��	��¦ � ý�� æ è�.\ý2! � ÿ ��� ÿ?� Þ�§ ñ Þ�¨-§ ñ�©ª4«P¬�­ ��q�® ý���¯ 6°O�±�� _ éÏã þ è{ÿ ����ï{ð '�²�³ ( � z�ø���î>ý2!9´ 6 ñ7µ�¶ÿ	·:ã O ÿ?¸C¹ '	º K{ý split-belt »�¼ è{ÿ �C��½A¾ ë�¿ ÿ �C�A��q=® ý æ ñ �7� 0 æ ¡7¢£�¤7¤�0 è D �CÀ § [ ½A¾ ë�¿ 6?ÁÂs KPÃ�Ä ' E ø
ý [Reisman:2005, Morton:2006]

!Â�6ÿ
Ã�Ä2ÿPÅ�Æ 6 *=Ç�� D 2.2 È�É 2.3 È)�;ÊCËÍÌ ��Ç=��� s ��Ç�!���ÿ E�Î ÿ9Ï 6 .�Ð�Ñ�Ò
Ó ~7� ��Ô�Õ � Ð���¯ 6 D É-Ö�×CØ X�Ù�Ú�Û �?� ÇC�CÜ�Ý�Þ ±�ß Ü)à ¿ ��� Ç=á�ÿ�â�ã �
�\ä2�Cå�æ�ç â�ã°èêé ® Ð���è ' æ4ë [�ì=.�Ð2! Ì , Ì�k�í è ä�î�ï  �ð�ñ òôó7õ ª7ö ä÷�ø�KJù � Ü4Ý9Þ ±<ß°O � Ð=��è ' ��� ì�.CÐ?!4á���ì É L7#�$=ì D 2 úCû-ü7ý��7å\þPÿ��
O ������� �
		f
Ì<É�æ�v · ß�� ì �\ä2�Cå Ù�Ú�Û �
���
Ì É á ä Ù�Ú�Û ' ù ä�� � 6��Ç��CÇ�ÐP,���� � Ð2!�U�� ¡7¢7£�¤7¤70 ä���å���� Ù7Ú�Û ����� � Ð��=è ' ì s��� PÉ"!
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#�[ 6 }%$'&�}   ��å�(*)�+-,�.�ä��C� '�/�0 ì s Ð2! ��� ä�v���ä ´�1 è Ì � D É32�45 ÈA6 B ß } ��� Ç4Ð���è"ì76 ý�ä�8�9 Ù ß Ñ ¿ O�� ì s Ð�� : ¡ g ( Ì ����è É foot ä
í�:A� ¡ g ( Ì �3; í�ä ÷7ø �=<\:76 (�( Ì ���=è É?>*@ é ��A ( � Ð��=è<ì 5 ÈN�=BDC, ( Ì ���=è ÉE��F ¿7G KAù ä ó7õ ª�ö �
H 5 È\6�IKJ
Ì ���=è;KAù ' .�L CM� Ð2!"N�O
{�| è Ì � D 1.2 È\ä ��P è 2.4 È ì7Q ® ��RTS � 5 É CPG ä�UWV�X Ù�Ú�Û è Ì � }ê~ ÝÒ Û K��CÀTY f*Zhg;i Ð�[*\ Z�� ò^]*_ 6	8�: Ð7`�a 9 ó a�b*c ä3U3V�X Ù�Ú�Û è Ì � ä5 È�6�8=: Ð PD

N*O òed3f*]�_ b�c è Ì � d"g ¸�¹Íèih�j ä ��� X�ä ��¯ ä ¢�k-l"mon Ð
stepping reflex pqCr� Ð�s�# ä } Ý �utwv�xoy Û Y �*� � Ð�N*O {7| l
z � l
{*| Ì � ¡�¢l � Ð�}o~ ä3U�V�X Ù7Ú�Û è Ì � ä����Cý�� 5 È lWm�n Ð P �Ex ¿M� È Y
���"�o��������TY���Ç É3�K� }K~�Y����K�7�

1.5
� � � � � �

����� ä��*���"�K���
�¡  ìE¢K£���¤ 1 ¥ l"m�¦ � �
§�¨*©�ª*«K§ s�¬ ��­�®���¯*°*± ���
��²*³�§E´=µ�¶ £=· ¯*¨*© Y ²*³¹¸ ��º § � ¨*©��-»
¼E½¿¾oÀ �
��¤ 2 ¥u��Á*Â*ÃÅÄiÆ*Ç�ÈÉ*É Ã�� split-belt treadmill ��¯���ÊKËWÌ�ÍT½=²*³E¶ £ [Reisman:2005, Morton:2006]

�uÎ*Î
ÏKÐ"Ñ�ÒÔÓrÕ

split-belt treadmill Ö
×Å»�¸ ��Ø�Ù�Ú Ð�Û�Ü ½¿¾oÀ £���Ý�ÞWß"à*á ¸ � ��� }~�â�ã3ä Ö"å ¦ ß�æ�ç ¶ £��
¤ 3 ¥u��è à ¼�Ö
é*êë¸ ß*ì"í ¸ � ­�®ïî7ð-ñ-t òôóEõWöoÖ"å¦ ß ¾KÀ £
��¤ 4 ¥���§�´=÷ Ï � PD °�±ùøûúWüuÖ7ýEþ £=ÿ�� ¼ Ð������ á ½	��
ÅÄW¸ ����
��� Ö�������������� ø Ç��ïÖ�ý?þ £ °�±T½���
 Ä�¸ ��� ®*×� "!�°�± # stepping reflex $Ø&%iáT£('*¬ �*),+�ñ.-0/�1�2 ä ½ à�á ¶ £ °�± �K� Ö�å ¦ ß ¾�À £��ïÎ � '*¬�3 ��°�±��� Ï ¯.4 � tied-belt treadmill ��¯*ÊEËuÖ�å ¦ ß65"7 ¶ £��98 ¸ ß §3óoõ?Ö split-belt :";Ï �=<?>u¼ Ð�@9A ��¯T½=Ê�B&C �u£W��D Ö�E"Fë¸ � §"Æ�ÇïÖ�ý�þ £ �G��H ÷�½I�"
 Ä�¸ �J�K ®�L-´�÷-Ö"ýoþ £ P-gain
H ÷T½NM�Oo¶ £���Î ��¥u��P º Ö�óEõqÄRQ ( Á*Â*ÃÅÄiÆ*Ç�È ÉÉ Ã ) ��ÊKËWÌ�Í [Reisman:2005, Morton:2006] ½(SUTë¸M§�M�Oë¸ � °*± â�ã3ä ��V=WIX-Ö"å¦ ß,Y�� ½=¯[Z �"¤ 5 ¥u�
§�ÊKËWÌ�Í-Ö"å ¦ ß �U\^]T½¿¾oÀ £��`_�a C(b�c�d�e��^SUf Ähgi,jlk ��m ¦^n"o X-�7§ Ò¡Ó �qp æ ÄrM�OÅ¸qc â*ãWä Õ V.W Ï ¢E£?Î Ä
½Us�� DWØ ¸ ß ¦£ ÄN\ Þ�£�tW¤ 6 ¥ïÖ�Ì � § ¤ 7 ¥ïÖ�u º �qv�w�½ ¾?À ßyx Ä D Ä ¶ £�t

23



1.6
z { | }

• ® — Lï´
÷ Ø&% �K��~"�
•
J�K ® ( � )—  "�ïÖ�� Õ6�9� ¸ ß ¦ £ ® (

���
)

•
� ® ( � )—  ���Ö�� Õ6�"� ¸ ß ¦ Ð ¦ ® (

���
)

• 2=)I�"� k(� — ®T½ �  N�"¶9�E�3å x
· Är ��-�^���
• �"��) k 2 — ��´
÷ Ø&%N�G� ~"� t � � ) k 2
• ¶���) k 2 — ��´
÷ Ø&%N�G� ~"� t � � ) k 2
• foot— ����´
÷ Ø&%N�G� ~"� t å x�· ~DÄ Ø�Ø Är~'½��G��� ß foot Ä����
•
�  —foot

Õ  �� Ä �9� ¶��(��� tU y�

• �� —foot
Õ  �� Ø&% ��b��(��� tU y�

•
��¡ ñq¢ —

Î�Î Ï�£�¤�¥ Ä¿¶��
•
¤ ¯ ÿ�� —

ÿ�� ¼ Ðq¤ ¯-Ö3ý9¦ ß�§q¨9©�ª,«�� �"�-Ö Ð � x Ï ��¬G�`t 2
��¡ ñ�¢��

Ö��=W
•
ã�­ jU¡�® S —

¤ ¯ ÿ�� Ö�¯ D � J�K ®�� ��° �
• ±�® J�K9� — ±�® Õ6�  Å¸ ß ¦�� �l�

• ²�® J�K9� — ²K® Õ6�  Å¸ ß ¦�� �l�

• ³� — ´qµ"¶ � Ð ¦6·� § ·�¸ Ð^¹ �
• º�³� — ³� �»�¼ � ¹ �
•
� ¶���
 3 —

�"� °*± § è à Ð=½ Ö"ý"¦ ß � ¶ ��K å6¾�XT½N¿�\EÖ�¸ §�â�ã3ä�À ¶y�Î Ä
• p�Á"Â�ÃùøÅÄ k g*è à —

Î�Î Ï�£ J�K ®����?´
÷"! © øÆ!�Ç © ½ PD °�±-ÖyÈ�É «�a
Ö"¶�� Î Ä Ï6Ê"� ¼ Ð Â�ÃùøÅÄ k g�è à ÄIË Ð ¶ Î Ä
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• Ì ¤ ¯ —
¤ ¯=Í � ¶*À ß��6 y� Ö�ý9¦ ß Ì-¼�Ö^Î a Ð ���T½(Ï=Ð ÐWÕ % ¯ÑZ ¤ ¯

•
��¤ ¯ —

¤ ¯=Í*Ö�Ì-¼�Öqº9Î a Ð  y� Õ,Ò�Ó ¶�� ¤ ¯
•
@�A

— Ô Þ.% bGc�»�¼K½¿Ê�BK¶��,c D Ö�¼�Õ �(Ö�À Ö AØ× ß �"� g i6jyk ½ Ö�À C��
�
è�Ù [ Ú"Û :1999]

• Ü�Ý — Þ"ß�à Ï�£ §"á k /�â 5 Ö������y- ä 2��^ã-½(Ü�Ý ÄI���
• ä�å^Ü�Ý — ¼�~ Ø&%���æ"ç Ö�È�4 ß ä"è ÕUé�ê §,ë è Õ�ìUí�î �
ú�ü"Ü�Ý
• ZMP—Zero Moment Point

�Uï`ð"t ¤�ñóò`ô�õ -Rö6÷"¦�ø «,ùlú öqû�¦ % by�(Î a d
e tyüq��ý�þ*ÿ���� î �����	��
 ý
��� ����� §������ j���k�� � � ×�� ¦����� "!#�$ � Ë ����% î � ü'& ��(*)��

• +�, ­ ��-=Ä/."+1032 � (natural dynamics)
�54 û76�� ¤"ñ — 8�9 � ¾�:<;=�'� �5>?�@ ûA6B(C)U�/D&É�E�2�, ­GF�H'I6� � -J2=K�� ��LNM*O î � ü�& (�PRQ îTS F Ã�-U ?�V*W�XTY�Z ñ

• PDW— E�2�,T[ F'H\IR��] � � Y 8�9\�/�'� �5@ û^6Iø3_ �3` S ü'&ba Þ"ß�à�('c
Passive Dynamic Walking( d $�$ Z ñ )

W�ï6ðe& 6�ø PDW
� û Y S

• f � — �3gRh=: ��i�j�k�l^&mk�l�n�W �	g úGo=pRq û &BY�rts�u=v �/g*w	x�yRz W�{
(=|�}�~ W�k�lJW :���ö��'�<(�) � Y����óú �	� I/H*� (

#<$
) � �R�\� S ü\&

• �	0 õ ��� .'2�- — � o��Cn'� ö6÷'� S/� - H���a	�R�R� öG�R�����	|����������lö
ø=����9R  ��]N¡ |/�<� W�¢�£ c � �*n ö�¤R¥ � S a"¦R§ öG¨�©Rª�« a

• ¬�­R®R¯ — ®�°±¯ ��² ­ ¡�M �\� i�W�a³��´ |�µ ýC¶ E�2�,\[ F�H'I �3�R·^6 � YCiW'��¸ 6�|�¹���� ��º W�»R¼½& 65¾ 4<¿�À S

• CPG—Central Pattern Generator
W�Á/Â'a=¦�Ã
W #<$ &GW	o�p
Ä )�Å�Æ q<ÇN�5]Jj

�bÈ�z ��%�É

• Split-belt treadmill— ÊRË�ÌR­ ¶3Í - � WGÎ�Ï�ÐRÑ ��(*) S ��Ò"ÓNÔ 0³-
• x ��Õ . Ô×Ö — Ø�Ù\�3Ú�Ûe6�¾�Ü7Ý�Þ W Ø�Ù\�3ß�Û � S�à ( W�á $�â Ú
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• xRy Ó � Ö — Ø�Ù\�3ß�Ûã6��=ä W�å Ù n�W â Ú
• æ�ç�è — é�é�(\c�Ê�Ë W/Í - � Î�Ï �/ê�ëì6��Rí	æ ¶�î � � S è ¢
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2 Split-Belt Treadmillï

é W�ð (�cG| Bastian Ý [Reisman:2005, Morton:2006]
¶<ñ S³ò

( ó ´"ô^&mL=õ"ö=÷\ø5ù�ô )
W

split-belt treadmill
Z�úTW P�û"ü"ý �Bþ�ÿ���� æ�|���� ����Z
	 ¨R©���
�� ¶�j�Y ¾���� S a

ó ´"ô�W split-belt treadmill
Z=ú P�û W ü���� � ¾3| Bastian Ý�c p'Y�¶ Ì"­ � ¾��"· � S 2 ��TW�������� �
! S �"� ��¾ Y S [Reisman:2005]

a$#"õ"ö�÷"÷=ô\W
split-belt treadmill

Z�ú P
û W ü%�&� � ¾"| Bastian Ý�c 2 � �CW ¨�©%'%( ��! S �)����¾ Y S [Morton:2006]

a
Bastian

Ý W�* +-,�.
/ g1032-4 ¶�57698 |�: ~³c�; `<¶�<\�
ñJr>=�?�@�A È�z �CB ÙEDGF ÓEH �Ç\Y ¾�(
I � | split-belt treadmill J ¶�K � S Z 	 ¨<©L�%
�� � �
� � S (Figure 2.8 M-N )
a

2.1
O P Q R

ò c�|LS�T�Ê=Ë W3Í � H W�Î�Ï�� U9V (tied-belt W
X ) Y ! Z ¾ i\[]=�Z ¾ (split-belt W
X )^ ¾ i H5Ò�Ó\Ô`_ � J �³Z�ú Y 8ba5a H�Ò�Ó'Ô`_ ��c Î�Ï c “ d ^ �%e Ô ”(0.5 [m/s]) Ü “
Î ^

�-e Ô ”(1.0 [m/s]) � �La�a tied-belt W%X ¶bK ^ ¾�c�f�g7c Í � H Î�Ï c�d ^ �-e Ô � �La�a
split-belt W X ¶�K ^ ¾\c�Ø
ghc Í � H Î�Ï c3d ^ ��e Ô � � | i�r Ø
g9c Í � H Î<Ï c Î^ � e Ô � �7aGaGi ûLc"ä n�j �Jc 3

j c"x�y�e-k ¶�l ��Ý À7a (Figure 2.1 M
N )
a

baseline

x�y�e-k ¶GK � a H�Ò	ÓCÔ>_ �Lc Î�Ï c�| tied-belt W
X&� �7aGa adaptation x�y�e-k ¶GK �a H�Ò=ÓNÔC_ �7c Î�Ï c	| split-belt W-Xm� �]a�a post-adaptation xRy�e k ¶�K � a H�Ò=ÓÔC_ �]c Î�Ï c	|�n9o tied-belt W-Xm� �ha3pH�Ò	ÓCÔ>_ ��q ú c�r/| 4
j c�s-t�uh0 ¸
v
�Cw � �7a�p x H Õ�x Ô Ö ��x�y Ó � Ö c��yN�

Figure 2.2
¶�<'�zp x H Õ�x Ô Ö ��x�y Ó � Öh{�| ^ ¶ �R� ��= ^ ¸
v Y ! a�p 
~}ze

y]��� � q ú
���*¶�K � a µ
��Ù �]� cb��� � y'�]a�p5å ÙRµ
� �h� � (RDLSP)
� q ú
��C¶GK � a�å Ù�µ%� �]� (DLSP) cz��� � y'�7a�p é À Ý � ��¾�c ¸
v {z�3� ÙCÞ À~�	À\¶��� ¾ w ��� À]a�p

split-belt W
X�Y�c “ d ^ � e Ô ” � “
Î ^ � e Ô ” c Í � H ¶�� © �7a Þ À~��À c�Ù � “slow
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leg”
�

“fast leg” � �7a�p baseline � post-adaptation ����e-k ¶GK ^ ¾ � f%g]c Í � H Î�Ï {
d ^ ��e Ô ¶�=�aG� � +]� c��~�~c �%� Þ ÀL�3À c�Ù9c�� ÂN� ébc split-belt W-X ¶�K~� a
Ù9c�� Â ��� azpz� Ù1� KL��a fast leg

� ß�Û � slow leg cz�-�<Ù-� �����~�9a à Y~c å Ù
�%�
� �<� “slow” DLSP ��� a�p Þb�~� ���>� � �-� � K��-a slow leg

�b %¡��
fast leg c��

� � � ���G� �]a%¢ Y�c�£ � �%�
� �<� “fast” DLSP ��� a�p � H¥¤�x§¦©¨ �`
�}�e��~�`�{�� �1ª � � �L� ���C��w
« ��� ��¬E­3® ^ a3p�ñ�Z�� �°¯ ��±�c3²
³ {�� �
´%µm�3�3¶v
(intralimb indexes) Y ! a�p ª �~� ���>� � ���¸·�¹ ¨ �º£ � �%�
� � � {3�¼» c ½ “fast

leg” c ¬ � “slow leg” c ¬ c�¾ ¿ ­�À�Á � a�pLÂGZ�� �h¯ ��±Cc�²%³ {3� ���GÃ |
Ä%Å ���¶-v
(interlimb indexes) Y !�a�p
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Post-adaptationAdaptationBaseline

Time

Tied-belt Tied-beltSplit-belt

Figure 2.1: Three stages in experiments of split-belt treadmill walking.

Foot contact ! 

Left Right 

Right leg stride length 

Lift-off ! 

Left Right 

Forward 

Right leg step length 

Left Right 

Foot contact ! 

(a) Definition of stride length (b) Definition of step length

Figure 2.2: Definitions of the stride length (left) and the step length (right). The stride

length is defined as the distance traveled by the ankle joint of one leg from the instant of

lift-off to the instant of foot contact of the leg. The step length is defined as the distance

between positions of the ankle joints of swing and stance legs at the instant of foot contact

of the swing leg.
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2.2
O P Æ Ç

1 ÈÊÉ Ë Ì Ç Split-belt treadmill Í Î È
Bastian ±3� Â¸ÏºÐL� �]ÑbÒ�Ó�Ô1c split-belt treadmill q Ð c x7Õ e~k ­ Figure 2.5 �zÖ
� p Ò%Ó%Ô]× split-belt treadmill q Ð�Ø Ù �GÚ-Û ��À�w ����Ñ��ÝÜ ¤�x§¦©¨mÞ`ß }Gà��7���­

Figure 2.3 ��Ö¼á � � ��·�¹ ¨âÞ £ � ����� � �h×b¾ ­ Figure 2.4 ��Ö]� (
¯ �m±�×-ã {

[Morton:2006]
ÂhÏåä
æ á$ç
è%é]×3ê�ë9��ìE±>ì�Û Â~í ��î�ï�á�Ñ ) ð ¯ ��±C×�ã-×-¹
ñ�·]Üòhó ��ô Ðöõ÷� �1��Ú Û � �ø» À%ù á3Ñ ¶-ú~û�ü�ý ð

þ�ÿ��������	��

�����	�����������
Figure 2.3 × adaptation ����à����GÚ-Û �! fast leg ×!�ÝÜ ¤#"§¦©¨ ó ç�á%$ ¨ $\ì Ï slow

leg ��Ú Û �~ó�& á(')$`ì%*�Ñbð fast leg × ß,+ à!�.-0/ ó�1 $�ì Ï2 slow leg ��Ú Û ��ó�3465 «Lû ² � ±Cì�7.*�Ñbð Figure 2.3 ��Ú � ý ¯ ��±�× ¶-úhó6 baseline ���~à8�%��Ú Û �ó�3 4#5 «Lû� 
adaptation ���~à��
×�9 � ��Ú�Û �!:�; $ ²�<�á ª ×>= ª ×�����à��@? û3 4A5 «¸­CB *�Ñzð ª á � post-adaptation ����à���×09 � �GÚ-Û �#:�; $ baseline ����à��

×AD7× ¬ �FEG*�ÑGð
þ��
H�I#�	�KJ!L8M�N�O,P��8Q#RS�������

Figure 2.4 �bÚ �
ý ���h·C¹ ¨&Þ £ � ��T%��U�/~×�¾]×FV	Wbà%X3�AY
Û �>Z���[�ý ð base-

line ����à����GÚ-Û �! ���¸·�¹ ¨ ×�¾ ó�3 4A5 «�û £ � ��T
�,U>/L×�¾ ó 5 «�û ì�Û ¯�Þ\ Z ±\��Ñ 1 ð ¯ ��±C× ¶
ú]ó adaptation ����à���×09,]
�zÚ-Û �#:�; $ ²�<�á 2
 %ª ×F= ª

×#���-à���? ûA^ » �0D~× ¬ �KE�*�Ñ3ð ¢ Ñ  post-adaptation ���-à���×K9�]%�bÚ
Û �6:�;
$å²�<�á 3

  ª ×F=�_,` ª ×!����à��8? û6^ »ba DL× ¬ a E
*bÑzð ¯%¯>a!c Ñ#Y�×0d.eFfLÛg�h \ Å�i8j ý ð!k Þ Y ó ¯ � ±>× ¶�ú \  adaptation ��� à���× �-�mÏ a0l#m ×An!oÊÜ ×p�q ¾ \ ü-ý × a@r 7�7 � ±�s  #3 4At ñ a E,*�Ñ ¯ Þ û-ü-ý ð ¯ � ó Ò�Ó�Ô \ split-belt uv a Ú�Û � r�w�x
ô ÐE­Cy�z ¯�Þ ­C{ e1á � Û ý ð r í k Þ Y ó6 post-adaptation ����à
��×F9S] a�l�m ×!n�o Ü)× p�q \�|	} û~ü�ý × a�r 7�7�~�±bs  �:�; $ ²8<�á3Ñ ¯�Þ û�üý ð ¯ × g�h óA �� $��¼±�� � Û ý ½�=�����¿]×�k Þ Y û~ü�ý ð

1 ���b�(�����C�2�0���0���b�b�(���
2 � ��� slow leg ���0� fast leg ���#�0���6�F���C �¡¢� �2£ �¥¤b¦¨§(©bªC�¬«�­ �¯® �±°F²0³2�b�¯­��
3 � ��� fast leg ���0� slow leg ���#�0���6�F���C �¡¢� �2£ ��´Cµ±¶ ®¸· �¥¤b¦¨§(©bªC�¬«�­��

30



 0.3

 0.4

 0.5

 0.6 fast leg
slow leg

 1.0
 0.5

50 Strides

St
ri

de
 le

ng
th

 [m
]

L
ef

t b
el

t 
sp

ee
d 

[m
/s

]

A

fast leg
slow leg

 1.0
 0.5

 50

 60

 70

 80

D
ut

y 
ra

tio
  [

%
]

50 Strides

L
ef

t b
el

t 
sp

ee
d 

[m
/s

]

B
[number of steps]

[number of steps]

Figure 2.3: The stride length (A) and the duty ratio (B) in normal subject split-belt

treadmill walking are shown, where speed of belts were 0.5 m/s at both left and right belts

in the baseline stage, 0.5 m/s at the left belt and 1.0 m/s at the right belt in the adaptation

stage, and 0.5 m/s at both left and right belts in the post-adaptation stage. Speed of the

fast belt is also shown (modified from Morton et al. 2006 [Morton:2006]).
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Figure 2.4: The step length difference (A) and RDLSP (ratio of the double legs stance

period) difference (B) in normal subject split-belt treadmill walking are shown. The time

course of belts speed is described in the caption of Figure 2.3 (modified from Morton et al.

2006 [Morton:2006]).
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Figure 2.5: Snapshots on human (normal subject) split-belt treadmill walking in the adap-

tation stage (captured from Morton et al. 2006[Morton:2006]).
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2.3
¹ º Æ Ç

2 È¼» ½ ¾ ¿ ¿ Ì À Split-belt treadmill Í Î Á
Â�Ã�Ä@Å�Å Ô¸× split-belt treadmill

ô Ð Ø~Ù a Ú~Û�Æ�Ç ùÉÈ>Ê Ñ�� Ü¨Ë "ÍÌÏÎâÞCß.+ à
�%-¬/SÐ Figure 2.6

a Ö�á  ���	ÑKÒ ÎmÞ�Ó�Ô�Õ T�Ö,U>/SÐ Figure 2.7
a Ö j ( × ÊÉØ ×�ã r

[Morton:2006] Ù Ï ä-æ á�î%ï&á3Ñ ) ð
þ�ÿ��������	��

����Ú	�����������

Figure 2.6-A × adaptation �8�LàÛ�
×A9
] a Ú�Û�Æ  6Â�Ã�Ä@Å�Å Ô ó# Ò�Ó�Ô1×AÜ�<@V
WGà,X (Figure 2.3 Ý�Þ )

Þ |�ß a
fast leg ×!�ÝÜ�Ë "àÌáÎ ó0âÛã aKÎ $\ì ý0 slow leg

a Ú-Û
Æ ó�& á(')$�ì ý Ù í ì :�; ÛAä�åSæ%ìAç�èGÐ Ð *FÆ Û ý × Þ ÐCÖmá3Ñbð post-adaptation

�8�LàÛ�
×A9
] a Ú�Û�Æ r Â�Ã�Ä@Å�Å Ô ó# Ò Ó�Ô¸×>Ü@<�V�W�à	X (Figure 2.3 Ý@Þ )
Þ |

ß a
baseline ����à8��×�� Ü�Ë "éÌ�Î ×�ê a 3 4 E ý Ù í ì :�; Û6ä�åSæ%ì�Ü�<ëÐCÖ&á3ÑGð

Figure 2.6-B
a Ú Û�Æ Â�Ã�Ä�Å�Å Ô óA ß.+ à!�.-K/]×�ê aFì & ×�í Ø YSî \ ü�ý r ×-×  

Ò
Ó
Ô9×FÜ�<�VïW�à.X (Figure 2.3-B Ý�Þ )
Þ |Aß ×�ð�ñïÐ�Ö&á3Ñbð

þ�Ú
H�I#�	�KJ!L8M�N�O,P��8Q#RS�������
Â8Ã�Ä8Å8Å Ô1×�����Ñ�Ò Î ×�ò (Figure 2.7-A)

Þ Ò-Ó Ô9×����ëÑ�Ò Î ×>ò (Figure 2.4-A)

ÐF/�ó j ý Þ  adaptation ���~à�� a 9	] a�ô8õ	a :�; ÛAÜ8< \ ZöØ¬Ê]ý ð9áK7�á Â�Ã�ÄÅ�Å Ô9×����ëÑ�Ò Î ×>ò a Ú�Û�Æ  adaptation ���Là��@?�× ^ø÷ a D]×Aê a E ý VGW�àSXù
post-adaptation ����à8��×F9S] a0ú î ý =���� \ ZûØbÊ ì%Û�ð Â�Ã�Ä�Å�Å Ôh× Ó�Ô�Õ T

ÖSU#/]×>ò (Figure 2.7-B)
Þ Ò-Ó-Ô1× Ó�Ô�Õ T�ÖSU#/]×�ò (Figure 2.4-B) Ð�/�ó j ý Þ  �ÂÃ�Ä�Å�Å Ô]×!���ïÑ0Ò Î ×0ò Þ |�ß a ^û÷ a DL×Fê a E ý V
WGà,X ù =���� \ ZüØ¨Ê ì�ÛGðý)÷`ó ×z×�Ù í ì�þ8ñ�VïW�àSX�×Fÿ�� a��6"����	� � \�
 i@j ý Þ
��� ÑGð���× û ×b×0þ

ñ aKw�j ý�� ß o,Ð�����á  �Ø���Ø-Ù Ð Ð *¯Æ � ß o~×������
Ð
�� á�Ñ�ð�!�" \ split-belt

treadmill
ô Ð a$#&% áCÆ Û ý('*)bû�ü�ý ð
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Figure 2.6: The stride length (A) and the duty ratio (B) in cerebellar disease subject

split-belt treadmill walking are shown. The time course of belts speed is described in the

caption of Figure 2.3 (modified from Morton et al. 2006 [Morton:2006]).
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Figure 2.7: The step length difference (A) and RDLSP difference (B) in cerebellar disease

subject split-belt treadmill walking are shown. The time course of belts speed is described

in the caption of Figure 2.3 (modified from Morton et al. 2006[Morton:2006]).
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2.4
+ , - . / 0 1 À 2 3

4�5�687
split-belt treadmill

ô:9�;�< 7�=�>&?�@ Æ  Bastian
Ø(A�BDC a�E�F @ Æ 
 iÛjG

2 H�I 7�JLKLM:NDO�P G ?RQDS Æ C G [Reisman:2005] TVU ?(W�AYX�Z ÔLE:F�[ split-belt

treadmill
[�\:]_^a` ñ @cb�d:e Ðgf È	h�C�ikj ËYl Ì�Î ù�mVn�oYp�q(r ÐKç�èVs G intral-

imb coordination t P G TDu�v�U ?cW:A�X adaptation
i p:o�w [	xLy�G
z C�{V| æ h Ü�} ù

post-adaptation
i p�o�w [�x�y:G b�d�e Ðgf�s i p ÑFÒ Î ? Ó�Ô�Õ�~ ÖD� r 7 òïÐKç�è�sG

interlimb coordination t P G T�� Ø(A × 7 ÙVv h interlimb coordination
A Ó�� � 7�� `�����
��� }:s G ?aQLS���C G T���� [ X���7 coordination

[���� s G��g� J�K���7���� [��� W�7����	��O�P G ? f @g��C G TLU ?�W�7����	�8A����87�� �¡j�¢ oL£ t P G T�u�v
U ?�W�A¤XY¥�¦ u @ ^ A�¥�¦D7�§L¨�jª© o	«�¬ [�x�y:G�­Y® ����K�¯D7�¦�°�J�K t P G ?Q�S��:C G T¥�¦�±�²�²�6�7

split-belt treadmill ³ 9�;�< 7�=�>´?Y@
��X Bastian � A 2 H�µ 7 ��¶�·�¸OLP G ?¹Q�S���C G
[Morton:2006] TLU ?
WLA¤X�¥�¦�±�²�²�6 [�x C�� u»º�¼ [ · � s G ��:½�¦�°8¾V¿ v h ¬¤À ¾�J�K �(�8[ ¿8ÁÃÂ [ M�N ��Ä G(Å ¶ ¾�ÆDC¤Ç�È8ÉLÊ q�oÌËÎÍ � £��¶�·Y¸ t P G TLuLvcU ?»W�A�Xg¥�¦Y±�² [ ¿�ÁÐÏÒÑ ^ÐÓ h¤Ô Ä G
Õ�Ö É�Ê q$o&Ë Ê�×�¢ oË ��¶�·�¸ t P G TØ�¦V�:§�¾(Ù�Ú�ÛYÜÞÝ�Ñ�� ³�ß [¤x:y�G
àY� � ¾�áªâ ã�ä « h ��� O	X¹����½�¦Y° [�x:yGgÅ�å8[ ¿¤æg��ç � �(Ä G áRâ�è�é�ê�ëÌì CPGs(Central Pattern Generators)

[ ¿DÁîí�é sG �LÝ
O�ï�ð8É [�ñVò �»Ä �:C G [Orlovsky:1999, Rossignol:2006] TYóõô�ö X¡��¾V¿ v h�JK�M�NLO�÷8¾$ø�ù ³�ß [	x CY� u»ß Ô Ä ��C G Ýûú�ü � F � G [Giese:2007, Orlovsky:1999,

Rossignol:2006] T�ý	þ ¾�é�ÿ��8É�� Ö ½ Bastian � ¾�ú�ü [����	� X ó ô»ö�
 ¬ [ f�s ¿ vh
��ä���â�è � ø�ù ©���� j ����� � ¸ êÒÑ»X
split-belt treadmill ý [	xLy�� ³�� ��¶�� m« ����� s � (Figure 2.8 ��� ) T

(1) �� É�h ���*� ß v"!$# é�ê (
á â*ã�ä « h ���¡� í�é ��% � CPG

¾'&'( } � m�« )4

(2)
��� [�x�y)��*�+ �), +�Å�å ¾'&'( } � m�« Ý�Ñ��L¾ ��- [�x�y
� PD

M�N
(3)
­�® �	� Å�å Ý	Ñ � ­�. Æ0/ Ý21�3�¾54�6 } ¾ � ò ¾�¦�° [�x�y'� stepping reflex5(4.1.4

4 7985:9;9<>=@?�ACBED�FHGCI [Orlovsky:1999, Rossignol:2006] JLK FHMON9P�Q>R
5 S�TU<2VXWZYZ[$\X]_^a`Eb�ced@fHbhgXi9j>k"l JnmhoXp2q stepping reflex \X]_^2rZs9t@uCvCwyx5i{zZ|9}J{mCoh~ R��"�C����`yb�c�dhf"bOgZi>l5<C��bZ�9�H�����h�$� q wLx�z@|�}5i9���E����bZ�9�����'��� o �� o@� �E�O�hQ>R
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- t���� � ¿ v�� �¤¾
��ä0��â�è ö interlimb
§L¨�jª© o	« t�� � )

(4)
¥�¦ � ¿ � ��¶ ¾�&�( } � mY« Ý�Ñ��L¾�� ~ ù�� ��- ¾ P �)  ¨�¾�¡ - (4.2.1

-£¢ �
� � ¿�¤ � ��¾
��ä$��â�è ö intralimb

§L¨¦¥ª©�§ « ¢ � � )

¨ � ¥:¦ ö¤³Lß � step-by-step ��© +�ª � ¡ - Ñ(� � � Ý � ¤X� Ö [Kandel:1996] � �«� ���¬ ó ô»ö ��¾ P �)  ¨�¡ - � �*� � � �$��­ ��® � ÄÒ� ��ä0��â�è:¾�¯$° ��± 4 ²³��þ��­ ��®

Trajectory planner

sw 
PD-controller

st 
PD-controller

st 

Stepping reflex P-gain adjustment 

sw: swing  leg 
st : stance leg

sw 

desired joint 
trajectory

Interlimb 
Control

joint 
torque

Intralimb 
Control

angular velocity 
at ankle joint

Figure 2.8: Control diagram of biped robot split-belt walking. The stepping reflex acts as

interlimb control since hip joint angle of the swing leg is adjusted by ankle joint angular

velocity of the stance leg as described in Section 4.1.4. P-gain adjustment acts as intralimb

control since P-gain at hip joint of the stance leg in the next stance phase is adjusted by

hip joint angle of the leg at last lift-off as described in Section 4.2.1.
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3
´ µ ¶ · ¸ ¹

÷8¾
split-belt treadmill ³�ß ¾ ³�� ��¶��0º « ��¸ ê ­ � � ò ¬�»�¼Y�a½$¾�¿�À$Á0Â�Ã ¢Ä � «	Å�Æ$Ç ¾�È � ³�ß � ß ¤ � ò �aÉ í �(Ä � ¬ 2 Ê)Ë ø�ù ³�ß ©��8�Ì¥ ÍÏÎ
Ð�Ñ ��Ò$Ó­ ��® ·�¸�Ô�Õ ¾0Ö'¬�À�Á ý ¾�×�Ø	¿�Ù �'Ú 6ÞÑhÛÝÜ ­ � � ò �ßÞ�à / � ¢³��� Ú Á2á	¿Ü¤Ñ � ®

3.1 â ã ä å æ çéè ê
Î�Ð �5ë�ìîí�ï�ðòñOóõô5ö�÷�ø'ù ¬'ú�û)¬'ü)ý£þaÿ)¬���� �����	��
 ÷
����� ¬�½
Û ÔÕ ���0ö������ Table 3.1

¬
Figure 3.1

¬
Figure 3.2

¬
Figure 3.3

¬
Figure 3.4 ��� ­ ®����	�� �����! �¢

40[cm]
¬#"%$�& �

2.3[kg] ô ¿('*),+(-*.0/)ý,132#4,1 
 4 ÷6587añ:9 �(;<�= $�& � 1 ö#�(�:� 6[cm]
1

0.7[kg]
1

18[cm]
1

0.3[kg]
1

20[cm]
1

0.5[kg] ô ¿�'*)3+�-*. 5 �� 1(>�?A@0BDC
E � �:F*G3H -JI�1�K�1*�3� �J� �MLON (Figure 3.4 P�Q )
.
RTS%U%V �*W�X

í5ï 2
R ÷*Y�Z%[�5]\A�^7`_3aTbTc�de�gfîí 1 ö0��h�÷Ti���j,k�÷ /$ý 7�ñ�9:��l � N3m0ï

2 nÌ÷6o�p,q (Figure 3.2 P%Q ) ��r�sDt£ô
� �u� 1�v�w�x�y =uz w
{3|�}:~�����+ ��� �Ìí
ï (Figure 4.9 P�Q )

. tJ��h�÷*o�p�q ô37�_Oa�b�c%d�÷
���T�u� ; m -��T�(}#���6+ ï�� 1/�ý � >3?M@�B<C6E � ÷ 3 �*���^��LÌï�� - t�ô }�V	��1 j3k � 2 �,������� V#� h��O� |� .��%� ��j,k � 1*� � ÷#N C*�	� 1 � � �6�*�����D  � �!�¢¡T£ ÷�¤�¥�¦�§(��G�¨ í ) íC � . j3k � >3?�@�B<C*E � �eF6GOH -�/�ý 7�ñ#9���L�N }e1 ö$÷
©�ª � Iu« ���	�6¬�­
í 
 ��® - ïT� 2aý ¯±°³² ñ#9�´�µõí�÷e¶T· x,V ® -
.I�1�K�10�3�O« �!� ö0�O�0� 20[W]

1
20[W]

1
19[W] ÷ DC ¶ w3¸ � �!�º¹ |^� � 1 �e»T¼

� �!�¾½e¿ � � )�+3-�. ½e¿,À�� ö0�O�0� 25
1

25
1

8.7 ô �,'�)�+3-�. ½e¿,À � �^� �ÂÁTÃ
í ) 5 « � ÷,ÄTaTi�� ; m -��T� � ��� � í 1 5 « � ��Å +�ÆÇ? 9ÉÈ ² Z Æ�Ê 7AË!ÌT��L
ï�� - t�ô�� �	� 1 j3k �#Í @ d ²
xDÎ Z Í�Ï 90Ð��JÑ)ø í�ï*Ò�Ó	Ô �*Õ X � S�Ö H - t
ô }�Vu�e- [Otoda:2007]

.

1 ×�ØÂÙ`Ú0ÛÝÜAÞ�ß`à�áºâäãMåMæ¢ç�è�éëêJìºí
îðïJñëòôó�õ6ÛÝö*÷*øùà�ò¾ú
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5 « � �
û�ü « ��ý�þuÿ ø�� �������	��
#wOÎ¢13/�ý >3?�@�B<C*E � �
�gZ °���� Z v
(Figure 3.4 P�Q )

1������ �J����� �������g)��� Ô � ÐTZ ?`@ (Figure 3.3 PTQ ) �"!�# ��)+O-
.T�$� �&%�' ����)e1)( L �+* i�� ; m -3>3?M@�B^C*E � �
©%ª,�&- |O} Ð�. w�/ �X �O- �(� �1032+4,�&5�6O�JL87��97 (Figure 3.3 P�Q )
.

Table 3.1: Implemented sensors and the usages.

!�# � 7�� �"� :�;
�<��
#w�Î >3?M@�B^C*E � � I = K = �O��« � � ý � þuÿ

�� Ô � Ð%Z ?M@ N C?>�� = ��� ��� �A@1B � Ð%Z ?�@ �)C � C,D��þuÿ H - t � � �	� �+� ��E �^� þuÿ
�gZ °��1� Z v >3?�@�B<C*E � � ý�¿ �O��h /�ý�F�G ý �<�IH ÿ
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A DC motor of hip and knee pitch joint MAXON RE25 20[W]

B DC motor of ankle joint FAULHABER 2342CR 19[W]

C Spur Gear Reduction ratio : hip(25) and knee(25)

D Pulley of ankle joint Reduction ratio : 18

E Digital Encoder of hip and knee joint MAXON 100PPR, 2channels

F Digital Micro Encoder of ankle joint MTL 360PPR,2channels

G Rate gyro around pitch axis MURATA GYROSTAR ENC-03J

H Urethane gel EXSEAL

I Mechanical switches on toe and heel CHERRY

Figure 3.1: Spec of Tetsuro.
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Hip joint

Knee 
     joint

Ankle 
      joint

Constrained 
 plates

Yaw

Pitch

Roll

Figure 3.2: Photo of Tetsuro.
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Two contact sensors

Figure 3.3: Photo of ankle joint, foot and contact sensors beneath the sole.

Yaw

Pitch

Roll

Body pitch angle

Hip

Knee

Ankle

Rate gyro sensor

Figure 3.4: Mechanical draft of Tetsuro.
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3.2
J K L M N O

j,k��QP$R�S w ÈUTWV�a����T�9XWYD� Figure 3.5 � 1 j,kO� :3+ hA��7AZ�[ ��\DvW]u?!°
1�<°ðv#w�²
TITech-Wire[ ^�_ :2002] �A`�acb Figure 3.6 d?e,H . j%k�d :,+ hgf�7 TITech-

Wire h 1!vi]<?D° 5 � ��� �"��1 ¶ wO¸��<  b3P�R3H -3j�k � �$\l
c��°³vew,² ¶ � d wx b&m�n 
#w È VeÆ Ð \ �+opd3q1r �Us f�t ¿ � 2Mbps u�v1�,c
w�a x f�t8d9x�y&z�{�|
� �+\ CPU ¶ � d w:x d*��o�Hp} �+\ v�]l~<°U
���°Av�wO²:V ®c}W� CPU ¶ � d w#x d
h �+� �Çh³µ+� LAN b�f��?z(a��W�,Ð Vu� }&� C 7 s AD module, �<xW� Digital module

�Q�+� ���$� h s 4.3×3.0×2.0[cm] � 20[g]
s

CPU module h 6.4×9.0×2.0[cm] � 90[g]
V ®�}Q�

Figure 3.5 d?e,H,x � d s�
+�<°ëv#w�² (AD module
s

Digital module
s

CPU module
s ¶ w¸ È ² Z Æ )

s � �"�+: D�Ì xD¸�=��9� Fi� sW�1� (24[V] �+� ) h vi]	~D° � d�®��g� w bx%V N �:} y?z+��} }�s
Õ Xp� ��� w b x �A�$�,h �^� �i� Figure 3.7 d�j,k�� S%U��$� Z� w1� bI�OH�� OS h RT Linux b : � s 1 Ð�� ~ È���w�a x<¸ Z�.iP�R
b X yQz1�c}Q� w�axD¸ Z$.�Ð � ~ È¡hQ¢pd s

(1) ¶ wO¸ ¹ |$£+¤

(2) �gZ °���� Z v3¥ Ã�¦ =¨§�©

� 2 ª��&«�¬
b?­
y&z+�®� s$��¯W° w ¯)±+²i³ .�h 1m[sec] ´�µ�}Q� (2) d1¶�·Iz s�¸�¹ dAº» ·A¼9½ ~¿¾ · À�Á�Â�Ã�Ä ��Å ¸$¹$Æ$Ç$È�É+Ê bIË8Ì�Í�}pÎ ³ÐÏ¡Ñ$Ò�³ À�Å ¥ b 1m[sec] Ó�Ô
d&Õ ¦ · s�Ö f,b k1¥�§�© Í�}9×�Ô"´ ¸�¹+Æ�Ç�È�Ê b?Ø<ÌWÍ�}WÙ s�Ú�Û Ô�Ô�ÜWd §+©+Ý�Þ
ÙWß § ·àz+� á�Å)´ s 1m[sec]

Û�â ´9À�Á&ã�äcå$æ"Â ²)ç x,�èØpÌ�·A¼Qé$ê$ë ¸$¹$Æ�Ç$È$Ê¥	ìAí ��z Öiî,ì3ï$ð Í�}Q��ª�ñ
�óòôÎ ³õÏ�Ñ1Ò)³ À ç x8� Æ+Ç�È�Ê ÅQö1ê�ë�÷ © òpÀ�Á
ãcä9å�æ3Â ²�ç xp�øé�ê�ë�÷ ©	ì�ù	¯Wú�¯)± Í�}c×cÔ ç x�y&z�ò ¦�û ¥ Ô�·Iü)ý í ´8þ�ÿ� Ê Å ¸�¹�Æ�Ç�È+Ê Å ù	¯Wú�¯)± Ù���� ç���� ü	�9ÿ�
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Wireless LAN 
PC card

CPU module

Digital module AD module

Motor driver

Figure 3.5: Photo of controller for Tetsuro.

Figure 3.6: Diagram of controller for Tetsuro.
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Controller 
 

I/O + computer 
motor driver

Power source

Fixed

Sensor information

Motor drive 
 instruction 

Power supply

Figure 3.7: Experimental environment of Tetsuro.
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3.3
� 
 � � � � � � � �

Î ³ÐÏ¡Ñ$Ò&³ À���������� ��Å�!�" #�$ Ñ$Ò�³ À ENC-03J
ì ý í Í�ÿ%
1×&Å ù<¯'& ��ò 1( Å ù
¯�& ´ 1 Ä*)1Ã	+-, ì Ë	ÌiÍ,ÿ.
 ù
¯�&�/	ç&È$É�Ê Ù0� í Í8ÿ8Ô21436573àÅ*8:9 ç; � ü�ò ù	¯<& Å�#	$ É1Ê8ç�= ·%> È +?, ç 1�3@5A3@B1Ù2C D ·"ò ù	¯E&�ç�F�GIH Ù�DKJ

ü�#:$8ÅQÃ =�L M Ù2N î òPORQ #	$ S8Å /+© Ó�Ô"´ F�GTH�çAÞ Ù�DAJWÿ�
2! "	U�S ç F�GH Ù0C�D�Í,ÿ8Ô6":V ì DKJ)ÿXW:Y ( ! "	Z�[ )
ìX\�í ·Iü È�É�Ê:]	ì%^ û Í,ÿ_
�× î8ì)Ú�Û` Ø�·àü*a�b È$Ê<ìEcPd ÿ%
l×&Å ù<¯'& Å�e Ê � 0.67[mV/Deg/sec] ´�µ1ÿ.fhg�ò�× î ;?iù	¯<& fjg?Å1Ì.B0":! ì?È�É�Ê8ç a�kcÍ,ÿ�


×�×A´ Ú*l t ç2m�n ÿ È�É1Ê ω(t) ò2a:b È�Ê θ(t) ÔUÍ�ÿ,Ô È$É1Ê �
ω(t) =

∆θ(t)

∆t
(3.1)

´�oPphg î ÿ�Å�´�ò
∆θ(t) = ω(t) · ∆t (3.2)

qr� ü�ò
θ(t) =

∑

∆θ(t) =
∑

ω(t) · ∆t (3.3)

∆t
ì�s û Ú�Û�Û�â Å &�¯W° 3 ¯)±WÚ�Û Tcst ÔUÍ�ÿ8Ô

θ(t) = Tcst ·
∑

ω(t) (3.4)

t:u:v	w Ô$·?ü$ò)Õ ^�x�y�Ú�l t = 0[s] ´9Å_a	b È+Ê θ ì 0[rad] Ô{z û Í î}| ò_~:�pÅ Ú2l tç�m}n ÿ%a	b È1Ê θ(t) �)ò ùl¯E& f�g & ¯i° 3 ¯�± ·?ü0�7g î ÿ È�É�Ê
ì%` Øô·{� n ÿ9×
Ô ç ; � üi¬:�}����g î ÿ�
2�}�	� ` Ø ] ���.3?å Ï Å_��� ì���n ÿ�Å�´�ò<× î9ç À�Á�ã
ä9å1æAÂ ²$ì f n ÿc×�Ô ;-i ¸�¹�Æ�Ç�È+Ê Ô�·IüiØ	Ì�·Iü	�cÿ_
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3.4 � � � � ��� �
� Å_�:�?�2� ì Figure 3.8

ç_� Í.
2�	��3 ¯0� Ô"Í	��3 ¯�� � � ¶���´�� � Ù � ü m i ò
Í��A3 ¯2� Å�� /lì �:��3 ¯�� Å�  /pç�¡:¢¤£R¥ ÿ9×�Ô"´�ò�Í��A3 ¯2� Ù Öiî�¦ �0§ ç Ì� � ;P¨ ç ·Iü	�9ÿ�
l×�Å_©:ª ç ;-i ò�Í��A3 ¯2� Ô«�:��3 ¯���ì�¬ ·�� n ÿR+?, ç_� ¶
�,Å Ï Â �$ì Ì�Í<×�ÔU´�ò_���­3 ¯�� Ô�Í �K3 ¯��$ì >_®P¯ ç%° �p×�ÔUÙ*�±�lÔ � ÿ (

� Å
À�² � © ª ) 
9ñ�¼�ò.³�´ çRµ $ ìE�-n ÿ�Ô«¶�·,Å�¸ £ ��¶X�,Å%Z [ ç ;?i � Ù0¹ G f ç0º
Ù9ÿ ( »¤² � �«¼2½.»r¾P3@¿cæ ) ×�Ô'À�Á0Â ì<Ã ÙÅÄUü���ÿR
àÍ �K3.Æ � ÔÇ���­3.Æ � Å ¡�¢/�È,ç �}É9Î%ÊIÆXË)Â ìEÌ iÎÍ n ÿ�×�Ô'À�ò ¡�¢cÚ Å�Á�Â ì�Ï.Ð Í�ÿ ;�¨ çRÑ Ò Äàü:��ÿ%


Figure 3.8: Photo of knee joint.
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3.5 Ó Ô Õ � Ö ×
ØIÙTÚ�Û Ü Ý<ì

Figure 3.9
çR�TÞ 
�ß�à�+P, Ú�á â ã ä å æ �0� G ç4èéá âTê*ë ì-í%= Ä

ü2î:ï�ð�ñ í ò ÿ-óiþ�ô.õ}ö-ó Þ ÿ�


Yaw

Body pitch angle

Pitch

Body roll  angle

Roll

Figure 3.9: Definition of coordination for Tetsuro.
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4 Split-Belt Treadmill

4.1 Tied-belt treadmill ÷ ø ù ú
ûýü � 2 þIÿ�ï ì������ ö��Å²	��
 ØTÙ
� ô x CKÄ�� tied-belt

v:w-í�m±n ÿ����2²4�����
� í2m �����
�P  À��R� PD ���! #" u ¯
$&%	$Åô(' ¨*)
+ D�,! stepping reflex f�g-,	.q
/-Ú 30�:²1� & ½ � ��ôXª�, Þ .�2:8rô���3KÄ&405 ØTÙ�Ú ©�ª?¯
$�z�6�7�8 Ú ���
2�9í0:�;�<�=�; ¿?>A@
$
B ê � ¦AC-Ú ��À�DFEG.�HJI
K
LJ7NMPO4ô(Q?R Þ .N4
S í 8 Ú&T ô
K?UP.�5

4.1.1 PD VXW
ßY� T�í�Z UP.X�[�Y\�]_^`@�aJb Ú&c�Ú`d`e $_fPg`$ PD ��� 1 ôihFB��N6�jlk ç .�5

τ ph
j = −k ph

j p(θ
ph
j c − θ ph

j d) − k ph
j v(θ̇

ph
j c − θ̇ ph

j d) (4.1)

τ ph
j � θ ph

j c � θ ph
j d @_�m�n�G\N]�^���o
Lpk ç 4�� T�å æ ��q Ü � T�å æsrIò .i5�ßG� T � �
t

ôNu ç`v�ç j ∈ {h, k, a} � ph ∈ {sw, st} ó-M Þ 5 h � k � a @�u ç`v�çAw ��xJ��yFz�� T ô|{} � sw � st @(~ �
t ���
� �
t ô�{ Þ (Figure 4.1 ��� ) 5 θ̇ ph
j c � θ̇ ph

j d @&o
Lpk ç 4�� T�åN�:æ �
q Ü�å
�	æFrTò .�5 k ph

j p � k ph
j v @Pu ç�v�ç P � D

ÚJ� >A���n����\0�P�G� rTò .&5N����� íZ B���� θ̇ ph
j d ô 0[rad/s] � k ph

j v ô 0.03[Nm·s/rad]
í K
L } 405

4.1.2 Split-belt treadmill

�s�P� r�� hlk ç .����A�p�(�|�?@���� 2 �`�N���!�'ô&����� Z�� ��u ç�� @ DC ���� íFdA� �A�N pk ç . (Figure 4.2 ��� ) 5 dA� �0¡J�N�¢� �:æ ô|£�¤ í �
�J¥`.s8Ió ê
r?¦
.�5����§� �±æ @ 0[m/s] ¨ � 0.6[m/s] © r 0.005[m/s] ª}ó í 2s  r�«PT ¥G.`8�¬�­ rY¦ .�5
���A�p�|���`�&®P¯ �P° @ 1.0[m/s2]

rs± .&5
1 ²-³µ´·¶¹¸iº-»�¼¹½¿¾¹³iÀÂÁ�Ã¿Ä&ÅÇÆ�ÈnÉµÊ¹À-Ë-Ì&Í·ÍÎËÇÅ PD Ï·Ð_ÑÎÒ�ÓµÔ¹Ó Ê ÓÖÕ
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Stance leg
Swing leg

sw: swing,  st: stance 
h: hip,  k: knee,  a:ankle 
c: current

Forward

h-c
st

k-c
st

a-c
st

θh-c
sw

k-c
sw

a-c
sw

θ

θ

θθ

θ

Figure 4.1: Coordinate system in the single leg stance period.

Left
Right

Figure 4.2: Split-Belt treadmill equipped with force sensors.
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4.1.3 ×XØÚÙ�Û Ü�Ý�Þ�ß�àá
âPã
ä

¡på TsæJ° @Aç�èJé æ�r @Pê�ë t é æ�r oPLìk�íYî (Figure 4.1 �J� ) 5N¡på TpïNZ B�ðñ�ò ¥?î�ó_ô�õ?öN­Pó_ô�õ?ö��&÷ rs± î�ø������ ï�Z B�ð�çA¤�ù
ú�û�ü�ýF¨ �Öþl¦�ÿ S��
3 �������P© r�� “transitional walking” çGu�� C � 4 ��������¨ � þ
	
��� © r�� “steady

walking” ¬�
��J¥Fî(ø split-belt treadmill
þ�	�ï�Z B�ð����&��
�� ¬·¥�î(ø 1 ��������@�������������� ���(üAý ï 
�U � íFî�ø"!G¬µ��@ “stance-swing state” ç�� e !?¬·��@ “landing-

exchange state” ¬�#�$GU  øA¡�ü�ý ï�Z UPî�%�&�@�u0í v í T0 ¬ ∆T
rs± î&ø'�(í dG� ç 1

��������� þ�	�( %?@ T0 + ∆T
rF± î&ø

)+*�,.-0/�13254�á
â

Figure 4.3 � d`e ê 2 6.7�8
¤�9�:`��;�<s­Nç transitional walking
ï�Z UPî�����ùG��=�>�@?.A ¥Gî  SCB ¥�EJðF��������� ïAZ UJî(~Jù?��D�E æ�°F�@G LF¥?î  S ï&�IH í?î 2 ø

link1 � �KJ ï�L3M 1 ��N
O�P�­RQFS } ðIT�îY¬VU�L }  ø�y`z`å TXW <1\
]0^.YZ�
��8�¤
9�:�[�ê�\P  �]?
A ¥�î  SP��\P �õ�^ c ¬`_�a�b
c 3 d çPasbP� c�r M kií�î&ø

I1φ̈ = m1gl1φ (4.2)

φ(0) = −φ(T0) (4.3)

φ̇(0) = φ̇(T0) (4.4)

��� r I1 d link1 �På T�e © H � ��f�g`�J�.h�� W ç m1
dji ��\ 1 ��O�PJç l1 d link1 ��k k�ç

g d�l ^N® �P°Frs± î&ø steady walking
ïAZ UPî 1 ���p���.m (0 ≤ t ≤ T0)

ï�Z T
ðNç5�(í �
3 �s� c'�on  ¥R=�> d aJbP� c`r Mlkií�î�ø

φ(t) = (1 + e−aT0)eat − (1 + eaT0)e−at, a =
√

m1gl1/I1 (4.5)

p.q�ïAZ T�ð d y�z�å T ]_^ W <Y\ �_rY¦ î�r�U Z k_��ç_����ù ï�s 
?ê æ��P°t� �  vu
¨�� l ^ �@w h } 8
¤�9�:�[�ê�\P  �@	�e �s¬ r�x
yZz � <|{�� xF} \K� �@w h }  þ�	�@	 e ø

2Figure 3.3 À�~��V���K�o���]��º Å��V�iº��R� Ô ´µ¶·³�À�~�������������� ÔµÓ ½o����������½��ÖÌ&ÍµÍËÇÅ��R�¡ *Ë�¢¤£]¥�¦`§���� Ô�¨�©"ª¬«�Ñ®­K¯�° Õ
3 Í·ÍÎË�±I² Å Ì`����� foot À�³�´iº-» ÓµÔ¶µV·¤¸V¹ �¶º�»v¼��(½®½]¾�¿�³�´ Ñ®À�Á � Ô¹Ó ½ Õ

52



m1

link1

link2

φ

Forward 

Figure 4.3: Inverted pendulum as a simplified model of Tetsuro. Although the sole of the

stance leg rotates with respect to the ground in Tetsuro (Figure 3.3), we ignore such effect

in this model.

Stance-swing State

stance-swing state
ïKÂ T�ð d çKÃ�ù�Ä�Å�% ï�Â.Æ î¬=�>s­ ?�AtÇ í�ð�TJî(ø stance-swing

state ��È+h�É.ÊY¬·¡	å�ËY�|Ì¤Í�=�> ��Î í0ÏAí Figure 4.4 ¬ Table 4.1
ï�Ð ¥_ø�Ñsù ï�Â T

ðNç�ÒYå�Ë�Ó5ÌVÍ æ�° d�Ô (4.5)
��Õ T�ð�Ö�× Ç í`î&ø�ØYåoË d x�y0z � <|{vÈ xF}vÙ � �w
Õ
Ú î  �Û ï
Ü i É ïvÚ î�øRÝ3Þ�åoË�Ó5Ì�Í æ�° d ç Ù i]ß �3à � �@á�âIÚ î  �Û Ó�ãä@å �Iæ �@	èçKéZç�ï Ö�× Ç í�î&ø�Ä�Å�ù ïRÂ T�ðNçRÒYåoË5Ó5ÌVÍ æ�° d�Ô (4.5)

��Õ T�ð
Ö�× Ç í`îiø@ÒGå@Ë d�ß Ù�yIzoê ÉIë3ì`Ø�í�Ó�î�ï ï+é�ð ð3�.ñ Ù�Ç í`î (Figure 3.8 ò�ó ) ø
ÝIÞFå@Ë�Ó�Ì�Í æ
° d ç transitional walking

ïvÂ TNð d�Ô (4.5)
�oÕ T0ç steady walking

ïvÂ
T�ð dRô ×+õ ± î�ø5��í é�ö steady walking

ïRÂ T�ð�çvÄ�Å�ù d U�÷
øZùúB�{ à"û î�ï�Ó 1

i à Ù Ó�8�ü�9�:èì�êsî&ø Stance-swing state Ó�%�& d 0 < t ≤ T0 õIýJî&ø t > T0 ì�êAí3þ
6�ÿ Landing-exchange state � ��� Ú î&ø
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Forward

Stance leg
Swing leg

Figure 4.4: The knee joint is free to utilize natural dynamics in the swing leg. The stance

leg becomes a single link inverted pendulum with virtually passive spring-dumper in the

stance leg of steady walking.

Table 4.1: Desired trajectory of each joint in the stance-swing state.

Desired angles Desired trajectories [rad]

θsw
h d φ(t)

θsw
k d no control (free)

θsw
a d 0.2 (toe raise)

θst
h d −φ(T0) (moving the body forward)

θst
k d −0.07 (lock)

θst
a d

{

φ(t) (in transitional walking)

0 (in steady walking)

Landing-exchange State

Landing-exchange state
ïvÂ TNðAç�9 ö����  Ñ�ù d D�E � ç	��ù�Ä�Å�% ïvÂ TNð�Ñ�ù ì

Ä�ÅJù�

� ö������ í?î (Figure 4.5 ò
ó ) ø Landing-exchange state
ï�Â0Æ î�����Ë|Ó|Ì�Í

=�> � Table 4.2 � Ð3Ú øvÑPù�
vD�E ��Î Ó������� "!��$# �%�KÚ�& Û �%'�Ñ)(�Ó���*��3Ó+�, 
-'�Ñ)(�Ò.�oË.� Â T-/$0�1 Ç"243 (Figure 4.5 ò�ó ) 5 transitional walking Ó-67� Â T
/8�9�: �!9�
# ����Ú:; ì� 	<-= Ú�3$& Û ��'?>A@ öCB9D�E 
KÄ�Å�(�ÝIÞ��@Ë+õGF �H�I2�3 5
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; Ó"@ ö�B�D � Â3Æ)3KJ9L.M '
N�O�P�QR� é5ö�ST�U2�& 58�)(�Ó�Ø.�oË M î�ïRV���WZñ ÙÇ�243 5 Landing-exchange state Ó�XRY M T0 < t ≤ T0 + ∆T õ+ý 3 5 t > ∆T ìKZ 2 þ t M$[
W-�]\I^Fñ�_ Ç�2 ' Stance-swing state �"` 3 5

Swing leg Stance leg

Forward 

(a) (b) 

Figure 4.5: When the swing leg touches the ground (a), the double legs stance period

appears. Here, we still call the forward leg as “swing leg” and the backward leg as “stance

leg.” The knee joints of swing and stance legs are mechanically locked. In addition, the

desired trajectory as kick motion is given to the ankle joint of the stance leg (b) to help

the body move forward only in the transitional walking.

Table 4.2: Desired trajectory of each joint in the landing-exchange state.

Angle at a joint in the phase Desired trajectories [rad]

θsw
h d −φ(t) (backward)

θsw
k d −0.07 (lock)

θsw
a d

{

φ(t) (in transitional walking)

0 (in steady walking)

θst
h d −φ(T0)

θst
k d −0.07 (lock)

θst
a d

{

φ(T0) cos(πt/2T0) (kick motion in transitional walking)

0 (in steady walking)
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a�b7c
d7e8f�g.h�i�jGf�g)k8l�m

0)1�n 2)&po9B ìrq7s o9B Ó8t�YKuwvR Figure 4.6 �	x Ú 5Iy{z M !vÿ-'K!]z ÿ (Table 4.1,

Table 4.2 ò�ó ) õ%|7} &3é3ç �T_�ñK~)�)� à��9�R� t)Y"u-v ì � /8��� � o�B  K071 � /��3 5 �K�H� �7� � q�s o)BRM 'R���]_�Ww�������$�-����� �����T� ����� D)� ����� � �

/G�� Hn 2�3 5�¡ 29¢)� split-belt treadmill £�O�t��8¤��w/$'$( �
¥�¦ �
§�¨	© M8ªw« _ �¬�­ ��®°¯K/
±�²�³ 3 5�( � ( ´)µ)(�¶�· 3
�8¸ (�¶�· 38� )
M"¹)º ^H�p»4�4¼�½�¾�¿�n 23 5 ;K2 ¼.½À'G�7�)Á9Â$(9´�µ)X (SLSP) Z � �
Ã (9´�µ�X (DLSP) Z � �GÄ�Å n 2R3 5 2.1Æ ¶G|�} & ¼�ÇKÈG' Ã (9´�µ�X M 1 £�O�É�X�¶ 2 ÊGË 243 5

SLSPDLSP

Planned 
motion

Real 
motion

   stance-swing state

T0 ∆T

Lift off Land on

Lift off

  0   0
  t

landing-exchange state

T0

Land on

DLSP

Figure 4.6: Overview of planned motion and real motion. SLSP and DLSP mean the single

leg and double legs stance period, respectively. The timings of landing on and lifting off

ground depend on the relation between the real motion of Tetsuro and ground. In this

figure, the SLSP starts a little delayed from the start of the stance-swing state, and ends

much delayed from the end of the stance-swing state. The time t in Table 4.1 and Table 4.2

is reset to zero at t = T0 + ∆T , and stance and swing legs are exchanged.

Tied-belt treadmill Ì-Í k9iwÎwÏ�Ð
ÑGÒ �"Ó9Ô Z PD Õ9Ö×� J-L 071�Ø	Ù4Ú Æ È � �$/$'I��� M tied-belt treadmill £�O:Øpq9Ë
Û & 5 ªw« _ � ¬�­4M�ÜwÝ �
Þ%È 0.15[m/s] � Û & 5 T0 = 0.32 ' ∆T = T0 È"ß-¿ Û & 5
£�O
q�à4È$¤�á 3 �7� ��â X�ã�äHØ	å�(9æ�çè� Û & 58yéz M 'ê_%ë$ì�í	î « Á B],�ïRð�3 ��ñB V�È"£�O�Ø%ò ï ³ 3 £�O�ò ï _%\ôó�Ø�ßRá & ( õ�ö B ÷�ø ) 5

Figure 4.7-A
� ¼�Ç�Zwù-§�¨�ì�ú	û�üwÁ$'ýëôþÿ_����Gþ�W%^:�ô» ����� È�¼R½	� � n 27&
���
 ì���� ­ Ø����RÈ����������]n�� �"!�#�Ú Æ � ­ Ø � ��$�% � �'&�( Figure 4.8 È ¹

56



��)�*è��¾�¿]n��+��, �.-:Ú Æ � #�� ­ Ø	x�³�(0/ � ü�¼�½1�9Ù�ù9§]ì�~ � ¸32 � , �4-
Ú Æ�5�6 � ­ Á7¡��87�� 0.2[rad] � 0.6[rad] 9 ­ ÈwZ3:�$9¤×½1� 2 ÁG�9��È�;�: �9�=<�> È�É
X4V-Z o�B Ø	O?:��'/��ôÁ�@ � &�( foot

� o�B Ø Figure 4.7-B È x7³�(�A ��B�C £�O � ¼�Ç
Z D ��� ��¶ ¹ � Û $�E'FHG�¶�I���³J&�K o3L ÁNM8$��O�P&"($q�s � £)O�É�X3� Ã�2 ´�µ
XRY�� ¥4¦ �$§R¨�©'Q���¡��+7N��¤.¼8¡ 1.3[s] � 0.18[s] � 0.72 ¶�·8:N��( tied-belt treadmill

£�O �"RTS Ø Figure 4.9 È x7³�("´9µ 2 � -�Ú Æ ÁU��A ��B�C £�O � ¼�Ç	È�V$Á8:�$���Z-�
/7��ÁUM < �J&"(

0

0.1

Forward 
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0.4

0.2
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m
]

1.0 0.5 0
Distance [m]

H
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B

(a)(b)(c)(d)(e)(f)

Figure 4.7: Experimental results of robot tied-belt treadmill walking with the belt

speed: 0.15 m/s. The stick diagram (A), and motion of a foot (B) in landing (a), stance

(b)∼(e) and liftoff (f) are shown. The distance was calculated using measured joint angles

and the body pitch angle. Of course, Tetsuro moved forward or backward a little on the

treadmill, and belts moved to backward.
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Figure 4.8: Experimental result of tied-belt treadmill walking with the belt speed : 0.20

m/s using PD control and trajectories described in Section 4.1.1 and 4.1.3.
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Figure 4.9: Snapshots on tied-belt treadmill walking with the belt speed: 0.15 m/s.

59



4.1.4 WYX[Z]\ ^J_]`ba[cYdeagf[hia stepping reflex

jTk È�# Û $ ¬ ��l9®:Øpx7³ interlimb ���H_ W$� « � Û $U�%yÿzmQ Figure 4.10 È x7³.¼
Ç�Z stepping reflex Øpq�n Û ��( � (4.6) Q�� stance-swing state(Table 4.1 ÷�ø ) È8¤7á�& ¸�2
,.Ú Æ �porq�s�t È�u�:�$Nv w��J&"(

θsw
h d = φ(t) + ksr × (θ̇st

a c − θ̇st
a d) (4.6)

/ /%¶ φ(t) QNx�å y Spz�¥ « Ø � �3$-��  Û � s�t (
�

(4.5) ÷7ø ) ¶4·×½1� ksr Q stepping

reflex
��{ þ�� ¶7·�&"(

/ � l�|�Õ�Ö�Ø � �8&8/7�"È�¼�½1�~}N�Hì���Q�u � � o3L�� � ±�²�È"®×¯�$ ¸32 � ¹ �
� ­ Ø�� Æ ³J&8/���Á�¶~��&�('FT� ¹ ��� ­ Á�� � ù9§�ì�~9È
¤�á�&K´�µ 2 �%â�� � ­ È� & � ¶U�8}��:ìp��Q�� � Ø�� � Û ��´9µ 2 � x-å�y SP� � o�L Þ��T�7³'& /��ôÁ9¶P�U&�(
¡N� ¢ � stepping reflex QN� ZMP Ø����è� Û �����)Õ)Ö.È4¼.½ � � < �~&K´�µ 2��8� Ú Æ
� « ú�� Æ È%©���$���� «~������� ÁN� �0� $9³3��(p/� �l�|�Õ�ÖPQ���¡?¢ �£<�¤ ¶�¥�³��¦   j�k È"# Û $'}��Hì��� �§N¨ ¬)­�© ���HØHª+E?/7�%Ø�«'¬�È8³J&"(­�®°¯²±�³ Q���´�µU¶T· 2 }��4ì'� ØH¸�¹U$ â ð $ stepping reflex È�¼�&�º$¿-²+ �»T¼T½��¾ ¼�¿���º�À � Stepping Reflex

{ þPÁ" "Â�ÃT�'Ä�ØÆÅ Û � [Miura:1984] (HÇ�ÈTÉP �Ê3Ë'Ì ¾Í & ksr  �Î~Q 0.33 Ï8Ð8:N�TÑ 4 �Ò/� �ÎpQ ¤�L ÏUÓ3À=Ô��+��( Raibert   neutral point Õ3Ö
Ñ���/� '×'Ø � l�|�Õ�Ö~Ì+×�&HÙ�Ú�Û�Ü���Ý~ �Þ�ß ¯Tà�á × �ãâiä�å á ¹+æ"ç F�è�é�êp 
����Õ�Ö~Ì ¾ ¹ á�ë�ì  '×'Ø � l�|�Õ�Ö+Ñ���í+Ï Ð æ ¯ïî�ð Ô å á ¹8æ [Rogers:2003] çñóò�ô é j�kÒõHöJ� á stepping reflex  �¼�÷ õHø�ù ú æHÊ�Ë õ�û�ü è�çHý�þ+ÿ ä 1.4[m]  � ë õ�� ä à��  ��pÌ 0.7[kg]   ¾ ë�� õ�� Í è
	�� õ ¸�
 à è�ç���� ¯Tà�á é����8 ����
Ý�����Ì ¾ Í æ����
 8ÿ ä 30[deg.] ! Í è ¯Nì ¢�Ï ¾ ë"� õ$# à&%�')( Á+*UÌ-,�.�½�/�0�Ô1 èNç Figure 4.11 Ì�Ê Ë�2�÷ õ Å ú ç Figure 4.11-(A) × � é�3�4'Ñ65�7�8:9TÏ8Ð8æ6;8Ì<�
��Ñ�=?>PÌ-@�Ô å è ì�¯ é stepping reflex A�¼�÷ ¯�àÆá 3�4"A
B�CD�HÝ�Û�E�Ü"AGF ö ÌGHJIá+K 4:A"Ù�Ú�Û�Ü+Ñ+F ö à è ì�L Ñ ø�ù Ï:M�æ"ç6��� ô ì A'×'Ø$N<���pÌ-O�H à =6P�E3ÜQ�R�S õ�TDU ç

4 VXWZYG[X\^]G_ ( `�a^b 0.27) ced&f$g�hGikjml$n$oqp&r
cqs�tvumwyx�c{zy|$g�hq}
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Forward 

Large Small 

Figure 4.10: Stepping reflex. The robot changes the touchdown angle of the swing leg

according to the ankle joint angular velocity of the stance leg.
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Figure 4.11: Experimental result in tied-belt treadmill walking with the belt speed: 0.20

m/s to see the effectiveness of a stepping reflex against disturbance.
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4.2 Split-belt treadmill
~ � � �

��� õ-��� è�Ê3Ë�A?;�9���� ô ê:A�Ê3Ë (Figure 2.1)
L���� Ì à è�ç��
�+�:�$�y��A-E�Üô

“ � ����� � ”(0.15[m/s]) ÿ “ E ����� � ”(0.30[m/s])
LTà è�ç������ ��� A�8:9 ô 15[s]

L
à è�ç

4.2.1 ������� �)¡£¢�� P ¤¦¥¨§ª©¬«
Split-belt treadmill ­ û Ì<® Í æ�¯�°�±�N intralimb ²�³´�mµ � � LUà²á é+5�7�4�����ÝJÌ
® � á P ¶�·:³�A<¸�Ý õHû ØïÕ�Ö õ Ê�¹ à è 5 ç P ¶�·:³^¸�Ý ô ��4�º�»pÌ�Ê�¹£Ô å æ?AUÏUé� å�¼�å AG4�A6�?�"�¾½�¿ õ$À Í á ¿�Á�é&Â�Ã�A-Ä (4.7)

õ ��4�º�»PÌ�O ��ú æ�ç Figure 4.12

× � é ψoff

ôGÅ Ú�;�Ì+® Í æ�Æ�4"A
�:�HÝ�Ç�È�Û�Ü�É�Ê3æ�ç n �����G½"Ë L�àÆá AGÌ����´�
½�AG5�7�4�Ç�Í+®�Î�æ����HÝ"A P ¶�·�³ ô é$Â�Ã�AGÄ õ-��� á adaptation

L
post-adaptation

��� ��� Í6® � á step-by-step Í
Ï�ÐÒÑ å æ�ç
k st

h p[n] = kag × (ψ̄off − ψoff [n− 1]) + k st
h p[n− 1] (4.7)

ì�ì É kag

ô
P ¶�·�³Z¸TÝ õ�û£Ó è�Ô�A?¶�·�³Oé ψ̄off

ô
baseline ��� ��� Í+®�Î�æ ψoff A�Õ�Ö× é k st

h p[n]
ô

n �����-½"Ë-AG5�7�4�Ç�Í+®�Î�æ��:�HÝ P ¶�·�³�É�Ê3æ�ç ψ̄off

L
1 �����-½�=DA

ψoff

õ-Ø Í
Ì����Ù�<½G5�7�4:A P ¶�·ª³ÚA ×Òõ Ï�Ð ú æ�A�ÉTé ì AÚ¸�Ý�Û�ÜªÍ ô�Ý�Þ6� �Ý�ß�àÚ� �áA"í�âDã6ä�å å æ�ç
P ¶�·�³Z¸TÝDã�µÚæª���çA split-belt treadmill ­ û?õ$èDé Í à èGê�ë õ Figure 4.13 Í-ì ú<íî >�A?ï�� �kE�ð�ãÚE�ñyN�ò adaptation ��� ��� Í6® ��ó�ô ï�� �mÍ�õ � fast leg ã+5�7�4
Ç"É�ÆÙöÚ÷:ø ü�ùûú$ü ò�A�É ô |ψoff | ã�ýJMþñ$N�ò (Figure 4.13-(a) ÿ�� )

í ��� ó Ì´A fast

leg A-5�7�4�Ç�ÍÚ® �?ó6ô Ä (4.7) A P ¶�·"³&¸���Í�õ � fast leg AG������A���	�ã�
�Ã � ô fast

leg ��õ � Æ´ö�÷�ø ü�ùJúyü ò (Figure 4.13-(b) ÿ�� )
í�
�ü õ � ô fast leg A�BDC�������E�ð

ãªõ � E�ñyN�ò�A�É ô Ä (4.6) A stepping reflex õ ��� 4�������ðDã+ý¬MªñyN�ò í � A�2�� ôà�� �¨��������Í+®�Î�ò %�' A
���?ã������?��Í T! +ü�ô µÚæ��:�"� split-belt treadmill #
É+­�$�%'&�(�)"ò 
 L ã�É:M�ò í

5 *"+ P \^]G_-,/.�0�1325476/8 c:93;yh=<?>�o5@/ACB?DFE^u 2y[G2 }
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Forward 

Lift off ! 

Figure 4.12: Definition of ψoff .

Forward P-gain       small 

Step length 
of slow leg 
        large 

Pulled !

Angular velocity 

      
 large 

Fast leg 
Slow leg 

(a) 
stance phase of the fast leg

(b) 
next stance phase of the fast leg

Figure 4.13: P-gain adjustment for split-belt treadmill walking.
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4.2.2 HJILKNMPOJQ
#�R�ATSVU�����Í 4.2.1 �DÉXW�Y  P ¶�·�³Z¸Z�[%3\�Á ô?]�^ % split-belt treadmill #�ÉÚ­

$´Ñ�_  �í ­�$�A �a` % Figure 4.20 Í�ì�) í Figure 4.20-(A) õ!b ô5cZdZe Ç�Agf e (fast leg)

ã adaptation ��� ��� Í+® ��ó Figure 4.9
LGh Y ó ï��¨�áÍDõibqÆªö
÷kjVl ùÒúZü�ó�� ò 
L ã À�m ò íX]�^ � baseline ��� ��� Í+® ��ó ψ̄off %'n�o�)�ò í å  <ô ï��¨�"p�q�ðZr�s�Í

õ6ò Å �ip�tÚ·:��³vuwpTr�s�%�xzyX)�ò 
�{ É}|:~"±�Í baseline ��� ����mÒú adaptation �
� ��� ÷�p���b�����b�%'��� � ô Ä (4.7) É��ÙÑ ü ò P ¶�·�³Z¸Z�[%X��tv�J�ZÑ'_"ò í P ¶�·
³y¸���� ô post-adaptation �����V�+ãa�!�a)"ò�å+É adaptation �����V� m¬ú j��3(}�'�k�úyü ò í
���5�����/�������� �¡�¢'£�¤�¥�¦�§
¨�©�ª p split-belt treadmill «�$ZSVU�Ív¬�� ó nZ­þÑ ü� �L�:®w¯±°³² {5´kµ �w� Þ h %¶ ð Figure 4.14 ·�ì�) í�¸ æi¹!� ( ¨Z©�ª�º�´w» ) S�U mÙú ­Z¼[½ ü� �¾�¿®v¯J°À² {Á´�µ �
�iÂ h % Figure 4.15 ·Gì�) í}
�üJú p�ÃVpVÄ ¸ ¹��-Åi� ô «�$ÇÆ�È�Éz·w¬�� ówÊLË n�­ � TÌ ��Í�Î�ò í�¸�Ï ¹z�³SVU�·v¬�Ð�ò ´ ��t (Figure 4.15) � ô �L�:®w¯±°³²[%�Ñ���Ò 6

¨�©
ª pgS�U!·w¬�ÐVÓ ´ ��ta·�Ôz��Õ {GÖ ta�i×w%�ØÚÙ  �Û
�Z¡�Ü�Ýw����ÞaßVà�á�â!ãZ£Väwåz¤�¥�¦Z§
¨�©�ª p split-belt treadmill «�$ZSVU�·v¬���ÒwnZ­�½�æ  �Z��¹'Ä'² {¿ç�eZc�d É!è h pé % ¶Vê Figure 4.16 ·gØ�) Ûi¸wÏ ¹�� (

¨�©�ª!º�ë�»
) S�U míì ­V¼�½gæ  ���}¹�Ä�² {/çe�cVd É�è h p é % Figure 4.17 ·gØk) Ûi¸wÏ ¹[�îS�Uz·a¬kÐ�Ó ë �kt (Figure 4.17) ïwð��

�}¹�ÄT²zp é %vÑ��ZÒ ¨�©�ª pgS�U!·w¬kÐVÓ ë ��t�·�Ôi��Õ {FÖ tw�i×w%'ØÚÙ  �Û
Split-belt treadmill «�$z·a¬�ÐVÓ ç�e p ψoff

{
k st

h p % Figure 4.18 ·gØ�) Ûwc�d�e�ñ ·w¬�Ð
Ó fast leg pgòzó'ô P õ�¯i× k st

h p ö ð adaptation �Z�����Z·v¬���Ò�÷ (4.7) ·�øibCù Ë ·Túkû�Ù
ÒV��Ókü { öwý m Ó Ûzþ p�ÿ���ú�û[Ù�� fast leg p k st

h p ï�ð����}¹�Ä�² {:ç�e�c�d Éiè h pé ·w¬��ZÒ Figure 4.17 ·TØ��[ø��	� post-adaptation �����V�Zp�
��V·�
���Ó���������j��

�üVÙ�� Û adaptation ��������·w¬�ÐVÓ fast leg pXò�ó�ô�������� { � ���!� Figure 4.19 ·
Ø�� Û P õV¯z×#"�ô�·køzb physic · c�d�e ö øzb$�&%Z·�j�l(' ì æ�ÒV�kÓ�ü { ö*) ì æ!Ó Û

6 +�,.-0/21�354 6	7#809:3<;>=@?BA�,C9ED21GFHAEI�J.KLJNM�OQP$RE+�,TS	U	J.V�A�JNM�OQ4�W>8	X$J YZ 8.[
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ü'æ[ø�\G]_^ (
¨�©�ª�º�ë�»

)
{>`

(
¨�©�ª

) ï�ð split-belt treadmill a�b!ü'æ ì b Ì �z·w¬
�ZÒ�ødcGef��g�s Ö tw�i×*�'ØÚÙ�� Û
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Figure 4.14: The stride length (A) and

the duty ratio (B) in normal subject

split-belt treadmill walking are shown,

where speed of belts were 0.5 m/s at both

left and right belts in the baseline stage,

0.5 m/s at the left belt and 1.0 m/s at the

right belt in the adaptation stage, and

0.5 m/s at both left and right belts in the

post-adaptation stage. Speed of the fast

belt is also shown (modified from Morton

et al. 2006 [Morton:2006]).
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Figure 4.15: The stride length:(A) and

the duty ratio:(B) in split-belt tread-

mill walking of normal subject model

are shown, where speed of belts were

0.15 m/s at both right and left belts

in the baseline stage, 0.15 m/s at the

right belt and 0.30 m/s at the left belt

in the adaptation stage, and 0.15 m/s

at both right and left belts in the post-

adaptation stage. Speed of the fast belt

is also shown.
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Figure 4.16: The step length difference

(A) and RDLSP (ratio of the double

legs stance period) difference (B) in nor-

mal subject split-belt treadmill walking

are shown. The time course of belts

speed is described in the caption of Fig-

ure 2.3 (modified from Morton et al.

2006 [Morton:2006]).
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Figure 4.17: The step length difference

(A) and RDLSP (ratio of the double

legs stance period) difference (B) in split-

belt treadmill walking of normal subject

model are shown. The time course of

belts speed is described in the caption of

Figure 4.15.
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Figure 4.18: The ψoff :(A) and the hip joint p-gain in the stance phase k st
h p:(B) of both fast

and slow legs in split-belt treadmill walking of normal subject model are shown. The time

course of belts speed is described in the caption of Figure 4.15.
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Figure 4.19: The measured and desired hip joint angle of the fast leg in the adaptation

stage of split-belt configuration.
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(A
)

Figure 4.20: Snapshots on Tetsuro (normal subject model) split-belt treadmill walking in

the adaptation stage.
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4.2.3 hjilknmom�prq�sot
P õ�¯z×#"�ô�b�u��v��w��íÙyx�x split-belt treadmill a�·w¬�ÐVÓ�z@{�|@}�} ª�º�ë�» ��~� ��Ó��*��·Tð P õZ¯�× "aôd�3�V�2��·Zó?ô PD ����� ÈaÉ��*�����f�����.����� � � stepping

reflex b����g���ZÒ*]_^�� split-belt treadmill aZÍv«��}½���� Û P õ�¯z×#"�ôf��Ù�b�]_^ ( z
{�|�}�} ª�ºZëa» ) ï split-belt treadmill «��&� ��� ÙL� ö ðg«�� ��� w��iï P õ�¯i×E"ZôiÎ
\�b2]�^ (

¨V©�ª�º�ëZ»
) ø&\��?ú�û[Ù�� Û���� ÒZð��v� » °��@����·a¬�Ð�Ó����fb(�f� ö� �z·�ø�\G� cgø¡�'·���¢*� Û

£¥¤Q¦�§©¨«ªd¬����� �¡�¢'£�¤�¥�¦�§
z:{@|_}:} ª b split-belt treadmill «_� ��­ ·�¬�®�Ò�¯V­ ½Xæ¡��°r±F®�¯ °î²³² ëiµ�´µ Â�¶�� Figure 4.21 ·gØ�� Ûi¸wÏ ¹�± ( z�{�|:}@} ª!º�ë�» )

�_­_·íì ­V¼�½Tæ���°n±F®�¯
° ²j² ë�µ�´ µ Â�¶f� Figure 4.22 ·�Ø:� Û�¸XÏ ¹f± �@­ ·�¬�Ð�Ó ë�´:¸ (Figure 4.22) ï�ðLz
{�|@}@} ª b �:­ ·w¬�ÐVÓ ë�´�¸ ·�Ôf® Ö�¸*´ ×*�'ØÚÙ�� Û
£Z¡�Ü�Ý*ªd¬�ÞaßVà�á�â!ãZ£Väwåz¤�¥�¦Z§
z�{�|�}�} ª b split-belt treadmill «�� ��­ ·v¬@®�Ò*¯Z­�½�æ_��° µ ¹'Ä'²�² ç�¹�º�» É
è�¶�� Figure 4.23 ·�Ø�� ¸wÏ ¹�± ( z�{�|:}@} ª�º�ë�» )

�:­_·�ì ­V¼}½gæ���° µ ¹�ÄT²o²ç�¹�º�» É�è�¶�b é � Figure 4.24 ·'Ø:� ÛZ¸XÏ ¹�± �@­ ·�¬VÐ�Ó ë�´:¸ (Figure 4.24) ï�ðyz
{�|�}�} ª b �@­ ·�¬�Ð�Ó ë@´:¸ ·�Ô�® Öd¸2´ ×2�5Ø�Ù�� Û�¼ ·Tð adaptation ° µ ´�½@¾ b
ù Ë ·�¿�bgÕi·LÀ�Ó Ö&¸�´ ×QÁ post-adaptation ° µ ´@½ bL
¡��·�
!ÂaÓ������ ö ð ¸�Ï ¹
± ( z�{�|@}@}�Ã º�ë�» )

�:­ ·*Ä�®ZÒ&� ) ì æ_��®�ü_² öwý · ¢*� Û
ü'æ[ø�\G]_^ ( z�{�|�}�}�Ã º�ëZ» ) ² ` ( z@{�|@}�}�Ã ) ï�ð split-belt treadmill a�b!ü'æì b Ì �z·*Ä�®ZÒ�ø�cGef��g�Å Ö�¸*´ ×���ØÚÙ�� Û
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Figure 4.21: The stride length (A) and

the duty ratio (B) in cerebellar disease

subject split-belt treadmill walking are

shown. The time course of belts speed

is described in the caption of Figure 2.3

(modified from Morton et al. 2006

[Morton:2006]).
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Figure 4.22: The stride length:(A) and

the duty ratio:(B) in split-belt tread-

mill walking of cerebellar disease subject

model are shown. The time course of

belts speed is described in the caption of

Figure 4.15.
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Figure 4.23: The step length difference

(A) and RDLSP difference (B) in cere-

bellar disease subject split-belt treadmill

walking are shown. The time course of

belts speed is described in the caption of

Figure 2.3 (modified from Morton et al.

2006[Morton:2006]).
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Figure 4.24: The step length difference

(A) and RDLSP difference (B) in split-

belt treadmill walking of cerebellar dis-

ease subject model are shown. The time

course of belts speed is described in the

caption of Figure 4.15.
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5

5.1 Æ Ç È É Ê Ë Ì ÍÏÎ Ð Ñ Ò Ó È Ô Õ Ö
]:^*× ¹ b�Ø �BÙ_Ú�Û�ÜÏ±CÝ�Þ�ß�à�áLâ��Q��ãLä Figure 5.1 á tied-belt å�æfá�Ä_ç@ã�ß�àè�é ��±êÝfÞyë ¸(´�ì ��í:�(ä2î:ï�ð�\òñ:ó é!ô b�ß�àõ±öÝfÞ�b�÷�ø�ù�ú¡û�ü é:ý(é Äfð(ü

2.0[Nm] ñ 0.5[Nm] ²yþ:¢Lÿ@®_ãLä�Ø�Û�ÜÏ±CÝ�Þ*û(ñ��������LÝ��
	��
�2Þ(°���������� ( �
(4.5)) ² stepping reflex( � (4.6)) á�ð��yß(à èLé �³±�ÝdÞ����_ã�ä 1.2.1 Ü ð��òñ�Ù�Ú�Û�Ü ±
Ý�Þ�ß�à�û COP �:þ �"! ZMP �$#�%&�	ÿ@®_ãLä�Ø � Ù_Ú�Û�ÜÏ±CÝ�Þ*û(ñ�ü é�ý2é(' �*)d±+ 	�Þ�Ý���~ � �fã-,�.�² ZMP /�0�1@���*,�.�á�ð��	ß�à è�é ��243�Ý65f²87 � ã�ä�ð�¢
ÿ&ó�9:2432Ý�5-;=<fû2ñ�>�?@9¡ó é¥ôBA�C*D 9FE�G*,�.�H�9FI*J ²*�yÿ�9FK�L�MN��O@�QPR�S �fã�ä
T�U:I*J ð��òñ >�?�û 4:1 9WV�X@��ü é�ý�é 9�E�G:,�.�á�K�L(�	ÿ=Y��2ä
���Z�
��Ý
��	:���*Þ�["��7�\(�^]�_a`�þ�b4c
�dT�ef��ÿ4Y�ã�>@? [Otoda:2008] áaP g�ÿ�ñ!ó 9h _&û�iaj��Z��ã2ä ZMP /40=1�E4G�,�.&á
k=O è(é ã ASIMO l HRP2 û�ñm>�?fá h4n*o
ß(à�pZq:þ(Ù�Ú�ÛLÜ
��r�s�ä o ß(àmp�q:þ(Ù�Ú�Û�Ü
��t�u��¡ãm�*v�á�û2ñ�w�x2þ4y�Þ
�"�
24z@{"P}|:~ h4���*� P�þ&�$Ù�Ú ��9F��� � w�x��Qþ_ã�ä2Ù�Ú ��9F�*� � w�x��#þ�ã6P}�
9W���"�4z4� ì���� w�x��#þ�ãm9���ñ�ØdÛ�Ü�9=y�Þ��"� 24z@{�l�|:~ h�� w�x��#þ�ã�ä�Ø
Û�Ü�94y�Þ��"�
2�z@{�l�|:~ h4� w�x��#þ_ã�PEñ�Ø*��9F�����*� � wQx��#þ&�����6`�þ�E
Gm� é 9*�:v stepping reflex þa�-9 ' �:) � + 	_Þ�Ý����*�4��ã�,�.a�d��Y�á���Y�ä¡ð�g�ÿ
ASIMO l HRP-2 û ZMP /�0�1�E�G*,�.4H�9�K�L�M � o Y 1 ä6�:�F���:1 A Ù*b�ca  ¡N) �
Biper[Miura:1984] ¢ Raibert 9�£")F¤ ì
¥  �¡") � [Raibert:1986] þ��«ñyÙ:Ú_Û	Ü � þmY A Ù
  ¡N) � á:Y=��g�ÿ_û�Ù�Ú�Û�Ü � ÝdÞ�ß(à�á�ð�ã ZMP 9W#=% ��¦ p@q:þ�9���ñ ' ��) � +
	�ÞLÝa�-�����¡ãd,�.69:§�HZ9FK�LfP�þ�ã�ä ó é ð��Hñ�Ù�Ú�Û�Ü � �_ã
¨�©�¨�ñNy�Þ
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2=z�{8ª=¢65:y�þa�-9W�:���:��ñd«��"9��*���=z=� ì
� þa�-9W�*�"`�þF¬:� � ñ_ó é ô 2

C
D 9FE�G*,�.4H�9�K�L�MN�-­6v_ã6P$7�®�ã�ä

1ASIMO ¯ ZMP °²±²³^´²µ�¶^·B¸º¹�»�¼ stepping reflex ½¿¾^Àd¹�Á²Â^ÃdÄ�´²µ�ÅÇÆ
È�É^Ê$Ë�Ì
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Figure 5.1: Torque pattern of Tetsuro in tied-belt treadmill walking with the belt

speed: 0.20 m/s.
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5.2
Í Î Ï Ð Ñ Ò Ó

Bastian
ô

[Reisman:2005, Morton:2006] û2ñ Ô�Õ l×Ö*Ø lÚÙ�Ö lÜÛ=Ý�Þ��
�-ß�à4áFâ�ã��äZ��å �4æm��þWÛ4Ý:ç=è69FE�GN��é�gFê4Y@ë6PíìZî
��ê=Y@ëWïN��¨
��ð �Qñíòóñ-ô õ �d9
â�ã�� äZ� �d9Zö"÷$ð C*D 9�ø*ùN��ú:û�ü�ý�þ�ö����d9�ç=è�����þ�ÿ��Q�-ê=Y@ë
¨ ô����
þ�� ñ	� ê�Y�ð:YNP�

�&����ï����-����� ô�õ split-belt treadmill ��9 A �:b�c6þ��4�Zë-ø
ùa��úmû*ü*ý�������� õ ��!�" ¢mÙ*Ö$#&%�% " 9�b�'�ç�è@�$(*)+���*�,� õ 2 -/. A �:b�c
  ¡10 � ��2@Y:ê������ 3m�&(
)Z9 4Njd�1�65�7,��3
ï� �¡10 � T4U6þ98;:=ë�(@z@{ ��<
= T4U6þ98;:=ë�(@z@{�þ�>6Y9?N{�zA@9�-ìB� 3 =*C õ �D� = ����� 3:��(
) � A �*b�c�þ
8;:=ë < = â�ã�� ä þ�E4ë�F�M$>6Y =*C ô ð*Y:¨�PHG�®@ëWï

2.4 ù CJI n 3�ö�÷�þ Bastian
ñ

[Reisman:2005, Morton:2006]
ô�õ$K/L = ö�÷8ðFø:ù��*���< =

split-belt treadmill b=c�þ98=Y:ê�L&MON"ë6P}ìZîP��ê=Y�ëWï
(a) Ô*Õ4¢:Ö�Ø�þ98;:=ë�Q�R�`�S/T�zVUXW�0�Y�ç=è���� ( [ �[Z
\ U^]4¢�(A_�z*`AT h �
ø*ù;N"ë intralimb coordination þ aaj ) ï

(b) Ù�Ö�þ98�:=ë6b�c6`OS/T�zVU[S;d�e�zVU ç4è���� ( [�`f0�g�]4¢
h���i�r�jAk h =�l
�-ø*ù;N6ë interlimb coordination þ aaj ) ï

� � þ��,�$ê���� = ������3��$(*)Zþm8O:�ë$ç�è*�*� (Figure 2.8 n&o )
ô�õ � = ö�÷8ðFø:ù

���fP[p6ð,q K�L = öZ÷-þ �/r�å�� ëWï
[a] (s_�z*`+T hZô 8&8/t$u Û=Ý�v�` w&x�þ�öyq{z�Ý6`�þFø*ù å�� ë 2 ï
[b] stepping reflex

ô
interlimb |;@ �  mz�) C E4ë:þ � ¨�¨$} ñ�~
õ intralimb index( [ �Z*\ U^] ) �-ø�ù;N"ë ( Ö*Ø�þ98�:=ë�Q�R�`OS/T�zVUXWB0�Y$ç=è�����þ aaj ) ï

[c] P � \ @Bø�ù ô intralimb |&@ �  �z�) C E*ë
þ � ¨�¨m} ñ�~
õ stepping reflex (interlimb

|;@ �  :z9) ) P��6§ XO} å q interlimb indexes( [&`f0�g ] P�h=�&i=r/jyk h =Jl )

�-ø*ù;N6ë ( Ù�Ö�þ98;:=ë�Q�R�`�S/T�zVU[SOd�e
zVU ç=è���� 3 þ aaj ) ï
< PF �¡10 � = T�U = k C9��� å�� 3 �/� = h
��� ?N{�zA@ = os�J��� � ô
õ �D� =J���� �&��� 3m��(
) � 4P� C E�ë;� � �*� = vm¨1��ê � ëWïJ��� ô
õ i�r=�&�y�dù�þ*8;:=ë

2 ������� PEP(post exterior position) �H��� �����*� � ¡�¢^£¥¤ Ë CPG[Aoi:2005] ÅX¦�§�¨ ¤�© ¼�ª¬«®­¯�°²± ¯ Bastian ³ �µ´	¶ ¨-Ë��H·¸�{¹	º�»	�½¼[¾ £²¤ Ë�Ì
3P ¿�À ÁX¼�¾F¯ baseline Â ¯ ­ÄÃ	�[Å8Ê²É®Æ�Ç £{¤6È ψ̄off Å²É	Ê=½X¨dË�Ì�ËJ· Ê9·ÍÌJÎ}¸$¯�ÏÑÐ ´ Ò ³

[Giese:2007] ¸¬ÓºË�½ Ê	Ô$Ë�Ì
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P � \ @6Õ split-belt treadmill Ö�×�þ98;:4ë��&Ø�Ù1�6Ú;N"ë6Ö/':ç=è =�Û&Ü ? Z&Ý
Þ;ß C E
ë;� � ��ìB� 3
ï1�Hà1� 4.2.1 ù C�I;á 3"öZ÷-þ õ �â� =Jã&ä � 3
å&(
)"þ98 � ê P � \ @
ø:ù ô stepping reflex

� ��æJç/} å*è êméëê�êmìOí$NZë =9C õ�î (4.7)
=
kag Õ î (4.6)

=
ksr þ

�6ï��-ê9ð � å�� ë = ô
õ*ñBò N áôó � � C E4ëWïAõ
3 ��� ô ö�÷ vyø ��c �úù ì ù�û þ
ö�ë�ü�×&ý�þ6þ�ÿ�� ó split-belt Ö�'mç=è�å�($)y� ã&ä ��3*Õ õ���������ô p6ð�ë	��g�
 Þ� C

( ��
����������ëå�($)���2 � 3JÖ�×����m_�� Þ ����@ )split-belt ÖO' ��!�"$#�qµ�Aê
�&% =('�)$*�+ "&,&M.-0/21 � G�
31$4
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5.3 5 6 7 8 9 : ; < =
>@?(A Ö&× BDC&×�
�E�F�G AIHKJ�LNM	O	P	Q	R "IS0T�1�U�V(W�XZY	[�\(]_^`� Figure 5.2

"ba0c(4 ��dfe3g ) A Specific energetic cost of transport(Cet) h Specific mechanical cost of

transport(Cmt) �ji�kIlfU�V2W�XmY [��on_pq-sr [Collins:2005-1, Collins:2005-2] 4 Figure 5.2

\&t	u ) (Cet)
g3v 1$4 Cet h Cmt

)�w�x \ îygIz0{ 1$4
Cet =

Pe

mgs
(5.1)

Cmt =
Pm

mgs
(5.2)

|�| g
m[kg]

) P�Q�R \(}�~ A g )(�3� ����� A s[m]
) P�Q����3A

P [W]
)�������� ~ g3v

124 Pe

)$�f���3� ? "IS0T�1 �	� U�V(W�X g�v 124 Pm

)$�f���3� ? "IS0T�1s�	�K�_U�V(W
Xs��� g0v 1$4 Pe h Pm

)�w0x \$� gIz3{ 1$4
Pe =

∫ Twt

0

n
∑

i=1

(RiI
2

i + |θ̇iτi|)dt (5.3)

Pm =

∫ Twt

0

n
∑

i=1

|θ̇iτi|dt (5.4)

�	���	�.h2��� �y� U��0�I\ �	� Y	[�\2Y	�`� �b��c�1_rf��" Cet h Cmt �bi0k�r(4 |	| g
Ri

)�� �(� � U��3�_\2 �¡ ?$¢�£�A Ii )�� �(� � U0�3�_"$¤0¥�1s¦�¤ , τi
)�� �(� � U��3�

"IS0T�1§G¨W@� ©&ª A θ̇i

)�� �&� � U��0��"2«	!�c�1f¬s­�\$® ��� A n )�� �&� � U��0�I\�	¯ A
Twt

)(�	���y� ? g0v 1$4 |�| g ) ¦�¤ Ii � w�x \$� g�° ©K-$r�4
Ii =

τiG±W��s² ¯ × ³ � ] (5.5)

° ©K-&r&´0µ3\ Cet h Cmt � Table 5.1 "2a3c(4 | ¥�"y¶@· A_P�Q�R \$¸º¹�» A�P�Q ��� "$¼
¬2½@" �����	� ~�\�] ^y¾ g ¹ 1$4 ° ©�-$r&¿ ) > \ ��� \ ¢�£ [�"(] ^��2ÀÂÁ A Ã�Ä�Åg i3k�r&Æ�Ç	È�É@\ U�V�W@XbY�[@\�¶	»&¾Ê/ÌË�¾�Íy1$4�r�Î$Ï �IÐ \(´0µ3Ñ&Ò R ¾ J k�\g AfÓ�Ô Ò R`ÕsÖ T	rf× g U0V�W@XsY�[�\(n	p Õ � k A(> \ ��� h L \&Ø �	Ù ¾ v�Ú \_ËÛ	Ü c ÚjÝ ² g�v�ÚbÞ0ß r | \_ày¶K· A$á@â E�F�GãÑ�U�V&WKXoYf[K\ Ð g$>�äæåçQ HKèbé@ê
l�k Ú | hÌ¾�ë�Ë ÚbÞ ìIí�î�ê l�k Ú Gravity walker ¾ v�Ú ¾ A | ¥�Ñ 1.2.2 ­ g�ïfðæñ r� �(� � U��3� J�ñZgIò�Õ x Ú ��� ��� g0v�Ú$Þ k ó�¥ è�ñ l�ô A�õ Áöi3kº÷Ì¥ Ú�â EqF
G Õ(ø_ù c Ú r	� è Ñ U�V�W�XsY�[@\$ú Ð ¾�û	ü�ý	þ�ÿ g0v�Ú&Þ
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Table 5.1: Specific const of transport and Specific mechanical cost of transport for selected

land vehicles.
Mobile objects Cet Cmt

Human walking 0.2 0.05

ASIMO 3.2 1.6

Tetsuro(tied-belt, split-belt) 0.85, 0.82 0.10, 0.11
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Figure 5.2: Specific const of transport for selected land vehicles (modified from Gregorio

et al. 1997[Gregorio:1997]).
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> \ split-belt treadmill
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��­ö,¤�
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Table 7.1: Values of the parameters used in experiments with Tetsuro. SSS and LES mean

the stance-swing state and landing-exchange state, respectively.

parameters value parameters value

I1[kg·m2] 0.39 k st
h p[Nm/rad] (in LES) 18

m1[kg] 2.3 k st
k p[Nm/rad] (in LES) 9.0

g[m/s2] 9.8 k st
a p[Nm/rad] (in LES) 2.0

l1[m] 0.41 k sw
h p[Nm/rad] (in LES) 20

T0[s] 0.32 k sw
k p[Nm/rad] (in LES) 9.0

k sw
h p[Nm/rad] (in SSS) 26 k sw

a p[Nm/rad] (in LES) 3.0

k sw
k p[Nm/rad] (in SSS) 0.0 ksr[s] 0.35

k sw
k v[Nm·s/rad] (in SSS) 0.0 kag [Nm/rad2] 3.9

k sw
a p[Nm/rad] (in SSS) 2.0 n 6

k st
h p[Nm/rad] (in SSS) 26 Twt [s] 50

k st
k p[Nm/rad] (in SSS) 9.0 Ath[rad] 0.16

k st
a p[Nm/rad] (in SSS) 3.0
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B. sbtvuGw xzy�{
R���&(|~}0�~���z� ¯~�~�~�	²����?��h�µ�82��² á³¾�B�&A��7�8Li Figure 7.1 ²�Ü�Ý�-U@
á�¾�B�Æ�ño¼�`9��&"��´;i*�U� 1"3 7��07 áLH�à�a�F��E²�|0} 1 8LR���&�g�h~� áLH¢à�a
F���&��;�z��h	µ��cR����"��Æ~�,� ²��U��´EµViA��ï�·*�d���mÆ��=����`* ~&�6W7 3*¡ Æ
�;�?&�¢~£�´EµoÅ�¤(��¥A> (Ath) &�^	ü"�U¦§�(¨ 1ª©�« ��ÝG��hmµ1Åd¤C� á)¾�B*&���7�8;i

Treadmill s switch ON

Figure 7.1: Trigger to walk.
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C. ¬®­�¯±°�²o³ ´�µ§¶�·o¸�¹�º
split-belt treadmill »C¼�½U%�¾=��¿�&�6�7 3 P2À 1 8 tied-belt treadmill Á~�7Ü�Ý*Â9½VR��
½VÃ~Ä9%�& Figure 7.2 Å���Æ;i�J�½LÇ�È�Ü�Ý�½WÉW¤"ÅVÊ�Ë�½³ï�½VÃ~Ä9%WÅ�Ì*ÍUÎ�½VÏ2�*\UÐÑ 8Ui 1 � 1 ��Ò0'�ï�½LÓ����G&�ÞEàUÔ 1 8�Õ��IÖØ×§�ÚÙ�Û*\"Ý�Ü Ñ 3 7�����Ý�8�Õ���Å
É��Þ��ÌdÍ�Î�\*ß*Ý9à=���ªá®� Ñ �~7�i�â=� [ â :2005] ÅdÉ2ã����A×ä��Ù�ÛG&�Ý�Üd�07UJ=½å Ý�Å�û97 3 Õ;½~_9½dÉd¤(�;æ�ç�: ð�`���\�É�èÚá®� Ñ ã��"7é¤êi
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Figure 7.2: The floor reaction force.
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D. Transitional walking ë,ì§íïî�ðoñ§ò®ó
1 ô2õ�öV÷*ø

1 ù2ú�û e�ü ½Vý�þ�ÿ~Tb� ý�þ�ÿ�Z�T�\�� ¡ Ñ � Ñ steady walking(3 ù2ú�û e�ü���� ) Å��� ã�ý~þ9ÿ0T
	 (4.3) �cý2þ9ÿ2Z�T
	 (4.4) ½���
�Å2��ã�������������� (Figure 7.3 ��� ) �

link1

link2

φ

Forward 

φ(0)=0
φ(0)=0
.

t = 0

φ(T1)= 2
φ(T0)

. .
φ(T1)= 2

φ(T0)

t = T1

Figure 7.3: First step. T1 is the period of stance leg.

Õ Ñ ��½� �!�"�#��$	&%AÐWÆé� �(' ½�Éd¤�Å2��ã��
φ(0) = 0 (7.1)

φ̇(0) = 0 (7.2)

φ(T1) =
φ(T0)

2
(7.3)

φ̇(T1) =
φ̇(T0)

2
(7.4)
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å à�)��0½ 1 ù2ú�û�* ü (0 ≤ t ≤ T1) Å���+-,��dÕ Ñ � 4 .�½/	��$01�AÆ��2��ß ��' ½/	�%
Ðz� Ñ ã��

φ(t)1st =
α

2T 2

1

t2, T1 =
2α

a(α + 2e−aT0 + 2)
, (7.5)

α = eaT0 − e−aT0

Õ�Õ3% T0 ß steady walking Å
� � ã���465 ( Ò67�865�9 ) %1:dã���	 (7.5) ß�� stance-swing

state Ö landing-exchange state(Table 4.1 � Table 4.2 ��� ) Å;� � ã ü=< ��� φ(t) Å/>GÝ�,;?
Ü Ñ ã��

2 ô2õ�öV÷*ø
2 ù~úGû3* ü ½�@�5�ÿ�A��B@�5�ÿ2C�A�ßU� 1 ù~úGû�* ü ½Lý2þ9ÿ�A�½�D�E
Fo� ý2þ9ÿ2C�A
Å ©HG Æ�ã��2����� 2 ù~ú?û�* ü ½;ý2þ9ÿ�A�� ý2þ9ÿ2C�A&I�� steady walking Å;� � ã�ý2þ
ÿ�A�� ý2þ9ÿ2C�A�Å2��ã��
�J��������� (Figure 7.4 ��� ) �

link1

link2

φ

Forward 

φ(T2)=φ(T0). .
φ(T2)=φ(T0)

t = T1

φ(0)=-φ(T1) 

φ(0)=φ(T1)
. .

t = T2

Figure 7.4: Second step. T2 is the period of stance leg.
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Õ ÑLK ½� �!�"�#��$	&%AÐWÆé� �(' ½�Éd¤�Å2��ã��
φ(0) = −

φ(T0)

2
(7.6)

φ̇(0) =
φ̇(T0)

2
(7.7)

φ(T2) = φ(T0) (7.8)

φ̇(T2) = φ̇(T0) (7.9)

å à�)��0½ 2 ù2ú�û�* ü (0 ≤ t ≤ T2) Å���+-,���Õ ÑMK 4 .�½/	��$01�AÆ��2��ß ��' ½/	�%UÐ
� Ñ ã��

φ(t)2nd =
β2

8α
t2 +

β

2
t−

α

2
, T2 =

2α

β
, (7.10)

β = a(eaT0 + e−aT0 + 2)

	 (7.10) ßA� stance-swing state Ö landing-exchange state(Table 4.1 � Table 4.2 ��� ) ÅN� �
ã ü=< �
� φ(t) Å/>GÝ�,N?�Ü Ñ ã��
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E. OQP�¸SRLTVU
Ì�8�W�X?û�Y�½ å�Z Â�Å~ß '�[ 3 .�½ © IN\�]�Æ�ã��

À ^dÅ�_`+
,�+*ã © ( _2a�b )

Á c�8�½2dfe0Èg�$,�+Wã�b ( hN8~Ò�7�b )

Â i�8kjNl�e0Èg�$,�+Wã�b ( i�8~Ò�7�b )

Õ;½ 3 .�½3b�Å;� � ã 2 m6n~Ç2oG»�½3p6q*½Hr�s/A�Å;.�+2,�t�u�ã���v1w
,-xyr�s�A�I; �!z�Ñ ã�"�#�xN{�|�Æ�ã��
��½�"�#�Å;.�+2,�t�u�ã��

À }
~��
_�a(b�Å-� � ã/p�qd½3����� Figure 7.5 Å��WÆ3��Õ��3b�Å-� � ã/����r3s�A�x� �!�"�#(x� G ��r�s�A�x`���3�`�3�6�����(xN�
�H��"�#�� Table 7.2 �/���3���f��b�ß���o`� K �� 

!��$� �2� +��N%2x���� K 3 .6��b��(�f%Jr�s/A�I2�N���M�3+;�

sw: swing,  st: stance 
b: body, h: hip,  k: knee,  a:ankle 
c: current

Forward

h-c
st

k-c
st

a-c
st

θh-c
sw

k-c
sw

a-c
sw

θ

θ

θθ

θ

θ b (x,z)

x

z

Figure 7.5: Flotage phase.
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Table 7.2: Condition of flotage phase.

Degree of freedom of system 3 � 7 = 21

Restraint condition (3-1) � 6 = 12

Real degree of freedom 21-12 = 9

Number of actuators 6

Condition of trajectory z̈ = −g , ẍ = 0 (free fall)

Á �� �¡�¢��
h;82£
7�b¤��� ��¥ p(q6���
�H� Figure 7.6 ���6�3�`����b¤����+-,(���1�Vr�s�A�x/ 
!

"�#�x � G �Hr�s�A(x&�(�3�`�3�(�����6xN�
�V��"�#�� Table 7.2 �/�&�3���3��b¤¦3c�8�I
�
o�� K �/ 
!���� ��¥ �`�
��%(� ZMP  
!¤¦3x üB< ZMP ��§
��¨6I�© ¥�ª ÿ2«�¬;�-­M®
�6j�j¯� ¥ �

sw: swing,  st: stance 
b: body, h: hip,  k: knee,  a:ankle 
c: current

Forward

h-c
st

k-c
st

a-c
st

θh-c
sw

k-c
sw

a-c
sw

θ

θ

θθ

θ

θ b (x,z)

x

z

Figure 7.6: Single stance phase.

Â °N �¡�¢��
i�82£
7�b¤��� ��¥ p(q6���
�H� Figure 7.7 ���6�3�`����b¤����+-,(���1�Vr�s�A�x/ 
!
"�#�x � G �Hr�s�A(x&�(�3�`�3�(�����6xN�
�V��"�#�� Table 7.4 �/�&�3���3��b¤¦�i�8�I
��o&� K �� �!���� ��¥ �N%2x 3 .6�3b¤�(�f%Jr3s�A�I2�N��± z +;�
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Table 7.3: Condition of single stance phase.

Degree of freedom of system 3 � 7 = 21

Restraint condition (3-0) � 3 ² (3-1) � 3 = 15

Real degree of freedom 21-15 = 6

Number of actuators 6

Condition of trajectory Stance leg is fixed with ground and ZMP restraint.

sw: swing,  st: stance 
b: body, h: hip,  k: knee,  a:ankle 
c: current

Forward

h-c
st

k-c
st

a-c
st

θh-c
sw

k-c
sw

a-c
sw

θ

θ
θθ

θ

θ b (x,z)

x

z

Figure 7.7: Double stance phase.

Table 7.4: Condition of double stance phase.

Degree of freedom of system 3 � 7 = 21

Restraint condition (3-0) � 6 = 18

Real degree of freedom 21-18 = 3

Number of actuators 6

Condition of trajectory Both legs are fixed with ground.
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F. ³k´¶µL·
¸ v
¹�ºyj-��,�c
»1��¼-½QY¾C�AH� '�¿ ¥ split-belt treadmill À Z ¹�º�� ZHÁ �3�ÂY�ÃAûÄ�Å ½&��C�A1¦ “ Æ1+2Ç�� Ä ”(0.15 [m/s]) � “ È¤ÉÊÆ1+2Ç�� Ä ”(0.075 [m/s]) j-�/�3�1��� ¸
v�¹�º1�
Ë69fÌ�Íyl�ÎH��¹�º (Figure 2.1) j�Ï�ÐV���3���NÑ`Ò�Ó��6Ô
�35V9�¦ 15[s] j
�3���Õ [ ��¹(º
Ì
Í¤�¤l6jÖx3×
ØV�JÙ Å�Ú YÜÛ&Ý&�/½V��Þ�|�� ¥�ß�à � 4.2.1 á&%ft�u&� P â�Ýã�ä á���v¤wNxNp&q�� split-belt treadmill

Õ %;À Z z/å ��� split-belt treadmill À Z �Næ`ç¥ i�81� ψoff j k st
h p � Figure 7.8 ���6�3�6�
��% split-belt "�#6%(� “ È¤ÉÊÆ1+2Ç�� Ä ” j “ Æ1+

Ç(� Ä ” �;¼
½SYè��é�ê�� ¥-ë ��ì��6��8�� “slow leg” x “fast leg” j2���f�3£�7�8�b��;æ�ç¥
fast leg ��í�î�á P â�Ý ã k st

h p Ifï (4.7) ��È¤É adaptation Ò2Ó(��Ô-�/)1ð���æ�+-,;ñ�òó®õôö ��x ë �3÷ post-adaptation I;ø¤ùN� ¥�ú %Nûýü��3n`��þ���ÿ ¥ �6j¯I�� K ���f� P â�Ýã ä áV¦;¼2½SY c��¤�/C�A�I����6� ¥ split-belt treadmill À Z
	���
�� �f�
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Figure 7.8: Results of robot (normal subject model) experiment. The ψoff :(A) and the hip

joint p-gain in the stance phase k st
h p:(B) of both fast and slow legs in split-belt treadmill

walking are shown. The time course of belts speed is described in the caption of Figure 4.15.
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Figure 7.9: Mechanical draft under knee I.

104



Figure 7.10: Mechanical draft under knee II.
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Apr 14 2006 14:41 Page 1�����������init.c
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 /*                                     Time-stamp: <04/10/03 18:12:21 yujioto> */
 /* "init.c"     feed.c

�

include

���

 */
 /* 

�� �

 */
 
 void initState(stateType *p)
 {
     p->x = 0.0;  p->v = 0.0;  p->u = 0.0;
 }
 
 void initGain(gainType *p, double k1, double k2)
 {
     p->k1 = k1;  p->k2 = k2;
 }
 
 void initJoint(enum legs leg, enum joints jnt,
                int encDir, int encCH,
                int motorDir, int digital_bn, int motorCH_plus, int motorCH_minus,
                double k1, double k2)
 {
     jointType *p;
     p = &s.leg[leg].joint[jnt];
 
     initState(&p->present);
     initState(&p->last);
     initState(&p->desired);
     initGain (&p->gain, k1, k2);
 
     p->ad = 0;  p->da = 0;
 
     p->encodeDir = encDir; /* 

� ��� �� � � ! " #

 */
     p->encodeCH  = encCH;     /* 

� ��� �$ %& �� '(�

channel

) � *�  */
 
     p->motorDir  = motorDir;  /* 

+� , � � � ! " #

 */
     p->digital_board_num = digital_bn;
     p->motorCH_plus = motorCH_plus;
     p->motorCH_minus = motorCH_minus;
 
 } /* initJoint */
 
 void initLeg(enum legs leg,
              int encFDir, int encFCH, int encHDir, int encHCH)
 {
     legType *p;  
     p = &s.leg[leg];
     
     p->cs[fore].ad = 0;  p->cs[fore].encodeDir = encFDir;  p->cs[fore].encodeCH = enc
 FCH;
     p->cs[hind].ad = 0;  p->cs[hind].encodeDir = encHDir;  p->cs[hind].encodeCH = enc
 HCH;
 
     p->phase = stance;
 }
 
 void initData(void)
 {
     enum legs leg;  enum joints jnt;  int it;
 
     for (it=0; it<=MaxTime; it++)  {
       for (leg=left; leg<=right; leg++) {
         for (jnt=hip; jnt<=yaw; jnt++) {
           s.data[it].px[leg][jnt] = 0.0;  s.data[it].dx[leg][jnt] = 0.0;
           s.data[it].pv[leg][jnt] = 0.0;
           s.data[it].pu[leg][jnt] = 0.0;
         }
         s.data[it].cs[leg][fore] = 0;
         s.data[it].cs[leg][hind] = 0;

Apr 14 2006 14:41 Page 2�����������init.c

init.c

       }
     }
 } /* initData */
 
 /* common.h

� -./

sharedType

01 #2 �� 3

s. 4(feed.c � 56 �� )
� 7� �� �

 */
 void init_shared(void)
 {
   /* 

89: ;<= � �� �

 */
   s.feedFlag=FALSE;  s.storeFlag=FALSE;  s.walkFlag=FALSE;
 
 /* for RT-Linux

> ?@

 @@@@!!!:

: A� BC

 */
 /* initJoint(leg  ,joint, encDir, encCH, mDir, digital_board_num, mCH_plus, mCH_minus
 ,  k1,   k2)*/
     initJoint( left,  hip,      1,     6,   -1,      D1_NODE_ADDR,        8,         
 9, 16.0, 0.03);
     initJoint( left,  yaw,      1,     5,   -1,      D1_NODE_ADDR,        6,         
 7,  6.0, 0.03);
     initJoint( left, knee,     -1,     7,   -1,      D1_NODE_ADDR,       10,        1
 1, 15.5, 0.03);
     initJoint(right,  hip,     -1,     1,    1,      D1_NODE_ADDR,        2,         
 3, 16.0, 0.03);
     initJoint(right,  yaw,     -1,     0,   -1,      D1_NODE_ADDR,        0,         
 1,  6.0, 0.03);
     initJoint(right, knee,      1,     2,    1,      D1_NODE_ADDR,        4,         
 5, 15.5, 0.03);
     
 /*  initLeg(leg  , encFDir, encFCH,  encHDir, encHCH) */
     initLeg(left ,       1,      8,        1,      9);
     initLeg(right,       1,      3,        1,      4);
 
 /*-----------------------------------------------------------------------------------
 -----------*/
 
     /* 

D� , � �� �

 */   
     initData();
 
     /* 

E � F �� �

 */
     s.it = 0;  s.data_time = 0;
     s.ave_sampt = 0.0;  s.ave_feedt = 0.0;
     s.wt = 0.0;  s.stps = 0;
 } /* init_shared */
 
 /* 

+� ,HG � ��� �� I JK 7LM

Nm,rad

�: N1 @ (� O ;� " #

 */
 void init_main(void)
 { 
   BPR[hip ] = BPR_HIP;   BPNM[hip ] = BPNM_HIP;
   BPR[knee] = BPR_KNEE;  BPNM[knee] = BPNM_KNEE;
   BPR[yaw ] = BPR_YAW;   BPNM[yaw ] = BPNM_YAW; 
 }
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 /*                                     Time-stamp: <04/09/25 18:01:56 yujioto> */
 /* "biped.h" */
 /* biped

P QRS TUV W

 */
 
 /* encoder 

XY Z[]\ ^_ `

 

a bcV dS ef gh ijk h

4/2 l  m nop q

 *//* !!! */
 #define BPR_HIP    ((double) 1592.3)  /* bit / rad */  /* 400(pulse) / 2 l (rad) * 25 
  */
 #define BPR_KNEE   ((double) 1592.3)  /* bit / rad */
 #define BPR_YAW    ((double) 1712.1)  /* bit / rad */  /* 128(pulse) / 2 l (rad) * 84 
  */
 
 /* MAX_DUTY_RATIO / (POWER_VOLTAGE/RESISTANCE_SE*TORQUE_CONSTANT_SE*HIP_GENSOKU_RATIO
 2) */
 #define BPNM_HIP    ((double) 1023.0 / (24.0 / 2.32 * 0.0232 * 25.0))
 #define BPNM_KNEE    (BPNM_HIP)
 #define BPNM_YAW    ((double) 1023.0 / (24.0 / 7.37 * 0.0200 * 84.0))
 
 /* BIT -> 

QRr

 */
 #define  bit_to_rad(ix,jnt,dir)  (((double) ix)*dir/BPR[jnt])
 
 /* 

Q Rr

 -> BIT */
 #define  Nm_to_bit(ru,jnt,dir)  (((double) ru)*dir*BPNM[jnt])
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 /*                                     Time-stamp: <04/08/11 17:53:50 hiroshi> */
 /* define.h
    

st uv w x � 5 6 �� yz # ;{ #2| '(� }

  */
 
 #define NOTHING       -1
 
 /*  msg.command */
 /*  feed

~� �� '

SEND, RECV

{ #2

 */
 #define SYNC                 0
 
 #define START_TASK           1
 #define STOP_TASK            2
 #define STOP_WALK            3
 #define START_WALK           4
 #define START_STEP           5
 #define PATTERN_0            6
 
 #define GET_DX              10
 #define GET_DV              11
 #define GET_DU              12
 #define GET_PX              13
 #define GET_PV              14
 #define GET_PU              15
 #define GET_KX              16
 #define GET_KV              17
 #define GET_AD              18
 #define GET_DA              19
 #define GET_CS              20
 
 #define PUT_DX              40
 #define PUT_KX              41
 #define PUT_KV              42
 
 #define GET_GVAR            45
 #define PUT_GVAR            46
 
 #define DATA_OUT            49
 #define STORE_DATA          50
 #define GET_DATA_TIME       51
 #define SAVE_DATA           52
 
 #define GET_AVE_SAMPT       60
 #define GET_AVE_FEEDT       61
 
 /* Task ID */
 #define FEED_TASK      0    /* not used */
 
 /* FIFO ID */
 #define DATA_BUF       1    /* feed -> main (Data Buffer) */
 #define CTRL_BUF       4    /* main -> feed (Control Command) */
 
 #define DATA_BUF_SIZE   (2048) /* fifo1

�

2Kbytes

� <= { ��

(

D� , @
) */

 #define CTRL_BUF_SIZE    (64)  /* fifo3

1

64bytes

� <= { ��

(

�� @
) */

 
 #ifndef TRUE
 #       define TRUE  1
 #endif
 
 #ifndef FALSE
 #       define FALSE 0
 #endif
 
 #ifndef NOT
 #       define NOT   !
 #endif
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 #ifndef PI
 #define PI    3.1415926543
 #endif
 
 /*#ifndef pi
 #define pi    3.1415926543
 #endif */
 
 #define radian(deg) (double) ((deg) / 180.0 * PI)
 #define degree(rad) (double) ((rad) / PI * 180.0)
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 /*                                     Time-stamp: <04/08/07 17:48:23 hiroshi> */
 #include "define.h"
 
 #define ADC_BASE_ADDRESS 0x180  /* ADC board base address */
 
 #define COMMAND_FIFO 3 /* user

st u v wM

my_handler

� �

fifo

) � *�  */
 
 /* ------------- 

� � t #2

 -------------- */
 
 /* x

$

’NaN’

� z� � �

0

{ ��

 */
 #define isnan(x) ((x) != (x))
 
 /* ------------- 

# ;� #2

 -------------- */
 #define feed_samp_msec       (1.0)   /* msec */
 
 /* 

� �� �� D� , � � � ;

 */
 #define MaxTime  3000
 
 #define MaxDUTY  1023
 
 typedef struct {
     int command;
     int task, period, ticks;  /* task

� 5 @ �� '( z (

 */
     float value;
 
     int leg, jnt;
 } ModuleCommand;
 
 /* 

� st �� � � 8 9 ��� : ;

 */
 /* moni

$ " #| 'G feed

1 �� ��

 */
 typedef struct {
   double u0max;   /* 

�� �| '(�

 */
 } gvarType;
 
 enum joints    {hip, knee, yaw};
 enum legs      {left, right};
 enum phases    {stance, swing};
 enum gyros     {pitch, roll};
 enum contacts  {fore, hind};
 
 #define num_joints   (yaw+1)
 #define num_legs     (right+1)
 #define gyro_axis    (roll+1)
 #define num_contacts (hind+1)
 
 typedef struct {           /* 

���

 */
     /* 

��

 

�� �

 

�  �

 */
     double  x,   v,   u;
 } stateType;
 
 typedef struct {           /* 

¡¢ � £ *� � ¤¥ �  */
     /* 

¦§ � �

 */
     double k1,   k2;
 } gainType;
 
 typedef struct {                        /* 

�¨© ¥ � � � �� { ª �
 */

     stateType  present, last, desired;  /* 

« �¬ ­ 7

  

« �® � 7
  

« �¯ ° 7

 

±² ¬

 

­ 7

 

±² ® � 7

 */
     gainType   gain;                    /* 

¡¢ � £ *� �³ ¤¥ �
 */

 
     int ad, da;   /* 

� ��� �´µ � , 7·¶ PWM

D¸� ¹¢ 7
 */

 
     int encodeDir, encodeCH;
     int motorDir, digital_board_num, motorCH_plus, motorCH_minus;
 
 /*   encodeDir  : 

º » � �  !

 

¼ ° ½¾¿ À ��
:1 

| z (
:-1
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      motorDir   : 

+� , �  !

 

¼ ° ½¾¿ À ��

:1 

| z (

:-1
      encodeCH   : 

� ��� �� ÁÂ Ã  ÄÅ

  */
 } jointType;
 
 typedef struct {                        /* 

� %Æ � � � � �� { ª �
 */

     int ad;   /* 

� ��� � ´µ � , 7

 */
     int encodeDir, encodeCH;
 } contactSensorType;
 
 typedef struct {
     double px[num_legs][num_joints];
     double pv[num_legs][num_joints];
     double pu[num_legs][num_joints];
     double dx[num_legs][num_joints];
 
     int cs[num_legs][num_contacts];
 } dataType;
 
 typedef struct {                        /* 

�Ç � �� { ª �

 */
     jointType joint[num_joints];
     contactSensorType cs[num_contacts];
 
     enum phases phase;
 } legType;
 
 typedef struct{
     double gyro[gyro_axis];
     double gap_of_katamuki_by_drift[gyro_axis];
     double katamuki[gyro_axis];
     double filtering_katamuki[gyro_axis];
     int port_pitch;
     int port_roll;
     int incli_port[gyro_axis];
     double init_incli[gyro_axis];    
 } gyroType;
 
 
 /* feed.c:

�= : ;ÉÈ Ê Ê � ËÌ �� 3: ;{ �Í ' �� ��� BC $ Î�

 */ 
 typedef struct {
     legType leg[num_legs];
     gyroType gyro;    
 
     int feedFlag, storeFlag, walkFlag;
 
     int it, data_time;
     double ave_sampt, ave_feedt; /* msec */
 
     double wt;  /* 

º »¯ ° �� ÏÐ � 3Ñ � ÒÓ

 (sec) */
     int stps;   /* step

;

 */
 
     /* 

±Ô D� ,

 */
     dataType data[MaxTime+1];
 } sharedType;
 
 /* ------------- 

º ;� st � , ¥ s ËÌ

 -------------- */
 /* nothing */
 /* ------------- 

ÕÖ: ;� #2

 -------------- */
 /* nothing */
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 /*                                     Time-stamp: <04/08/11 19:11:16 yujioto> */
 /* "calc.c"     feed.c

�

include

���

 */
 /* ------------------------- Trajectory(

×Ø

)

ÏÐ

 ---------------------------- */
 
 #define T1 (double) 0.8  /* [sec] 

ÙÚÛ �

 */
 #define T2 (T1 / 2)
 #define DT (double) 0.1  /* [sec] 

Ü| ÝÑ 1 ÞÇ { ßà 1 á� �

 */
 #define T3 (T2 - DT)
 
 #define WT (T1 * 50)   /* Max. Walking Time */
 
 #define THT_MAX (double) (10.0 * PI / 180.0)  /* 

â º »³ �� ã äå æ

max */
 #define PHI_MAX (double) (10.0 * PI / 180.0)  /* 

ç º »³ �� ã äåè max */
 #define PHI_OFS (double) (-6.0 * PI / 180.0)  /* 

ç º »³ �� ã äåè offset */
 
 void stop_walking(void)
 {
   enum legs leg; legType *p;
 
   s.walkFlag=FALSE;
 
   s.leg[left ].phase = stance;  s.leg[right].phase = stance;
   s.wt = 0.0;
 
   for (leg=left; leg<=right; leg++) {
     p = &s.leg[leg];  
     p->joint[hip ].desired.x = 0.0;
     p->joint[knee].desired.x = PHI_OFS;
   }    
 }
 
 /* ---------- WALKING (

ÙÚ

) ------------ */
 void walk_swing(enum legs leg)
 {
   legType *p;  p = &s.leg[leg];  
 
   if (s.wt < T3) {
     p->joint[hip ].desired.x = THT_MAX * sin(PI/T3*s.wt);
     p->joint[knee].desired.x = PHI_MAX * sin(PI/T3*s.wt);
   }
   else {
     p->joint[hip ].desired.x = THT_MAX;
     p->joint[knee].desired.x = 0.0;
   }
 } /* walk_swing */
 
 void walk_stance(enum legs leg)
 {
   legType *p;  p = &s.leg[leg];
 
   p->joint[hip ].desired.x = THT_MAX * cos(PI/T3*s.wt);
   p->joint[knee].desired.x = 0.0;
 } /* walk_stance */
 
 
 /* ---------- STEPPING (

é êë

) ------------ */
 void step_swing(enum legs leg)
 {
   legType *p;  p = &s.leg[leg];  
 
   if (s.wt < T3) {
     p->joint[hip ].desired.x = THT_MAX * sin(PI/T3*s.wt);
     p->joint[knee].desired.x = THT_MAX * sin(PI/T3*s.wt) *2;
   }
   else {
     p->joint[hip ].desired.x = 0.0;
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     p->joint[knee].desired.x = 0.0;
   }
 } /* step_swing */
 
 void step_stance(enum legs leg)
 {
   legType *p;  p = &s.leg[leg];
 
   p->joint[hip ].desired.x = 0.0;
   p->joint[knee].desired.x = 0.0;
 } /* step_stance */
 
 
 /* --- 

Ò � � ìí ¶ îï Ç ³ ÞÇ � ð Nñ¶ º »¯ ° �� � ÏÐ
 --- */

 void calc_traj(void)
 {
   enum legs st, sw;
 
   if        ((s.leg[left ].phase == stance) && (s.leg[right].phase == swing)) {
     st = left;  sw = right;
   } else if ((s.leg[right].phase == stance) && (s.leg[left ].phase == swing)) {
     st = right;  sw = left;
   } else {
     rtl_printf("phase problem.\n");
     
     stop_walking();  return;
   }
 
   s.wt += FEED_SAMPT;  /* 

Ò � { òÑ�

 */
 
   if (s.wt > T2) { /* T2

å ÙÚÛ � � ó I

 */
     /* 

î ï Ç ³ ÞÇ � ð N

 */
     s.leg[st].phase = swing;  s.leg[sw].phase = stance;
     
 /*  rtl_printf("stps=%d\n", s.stps); */
     s.wt = 0;  s.stps += 1;
     if ((T2 * s.stps) > WT) { stop_walking(); return; } /* WT

å � � ÙÚ Ò �

 */
   }
 
   /* 

º »¯ ° �� � ÏÐ

 */
   switch (s.walkFlag) {
   case START_STEP:
     step_swing (sw);  step_stance(st);
     break;
   case START_WALK:
     walk_swing (sw);  walk_stance(st);
     break;
   case PATTERN_0:
     /* nothing */
     break;
   }
 } /* calc_traj */
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 /*                                     Time-stamp: <04/09/29 14:01:17 yujioto> */
 /* "moni.c"     main.c

�

include

���

 */
 /* -------------------------------- Monitor ---------------------------------- */
 /* 

Î� º »� ¤¥ � { ªô ��

 */
 void gainOf(enum legs leg, enum joints jnt)
 {
 #define gn p->gain
     printf(" k1:%9.2e k2:%9.2e",GET_FLOAT(GET_KX,leg,jnt),GET_FLOAT(GET_KV,leg,jnt));
 }
 
 /* 

t õ� � � �� { ªô ��

 */
 void displayState(void)
 {
     enum legs   leg;
     enum joints jnt;
     
     printf("   |     ad   da |           present          |           desired        
    |\n");
     printf("-------------------------------------------------------------------------
 --\n");
     printf("                 |     x        v        u    |     x        v        u  
    |\n");
     
     for (leg=left; leg<=right; leg++) {
       printf("-----------------------------------%s----------------------------------
 -\n", legOf[leg]);
       printf("ContactSens [fore]=%3d, [hind]=%3d \n",
              (int) GET_FLOAT(GET_CS,leg,fore), (int) GET_FLOAT(GET_CS,leg,hind));
 
         for (jnt=hip; jnt<=yaw; jnt++) {
             printf("%5s ",jointOf[jnt]);
 #define pre p->present
 #define las p->last
 #define des p->desired
             printf("%5d%5d",GET_INT(GET_AD,leg,jnt),GET_INT(GET_DA,leg,jnt));
             printf(" %9.2e %9.2e %9.2e",
                    GET_FLOAT(GET_PX,leg,jnt),GET_FLOAT(GET_PV,leg,jnt),GET_FLOAT(GET_
 PU,leg,jnt));
             printf(" %9.2e %9.2e %9.2e",
                    GET_FLOAT(GET_DX,leg,jnt),GET_FLOAT(GET_DV,leg,jnt),GET_FLOAT(GET_
 DU,leg,jnt));
             printf("\n");
         }
     }
 } /* displayState */
 
 #define SaveTime   MaxTime
 /* -- feed

~� �

STORE

�� '(� D� , { ö� ¾�

 -- */
 void recvData(void)
 {
     int it;
 
     data_time = GET_INT(GET_DATA_TIME, 0, 0);
     printf("data_time=%d \n ave. samp_time(msec)=%5.3f ave. feed_time(msec)=%5.3f\n",
  data_time, GET_FLOAT(GET_AVE_SAMPT, 0, 0), GET_FLOAT(GET_AVE_FEEDT, 0, 0));
 
     for (it=0; it<data_time; it++) {
         Send_Com(ctl, SAVE_DATA, FEED_TASK, 0, 0, 0, it); 
         Recv_Var (fd1, (double *)&data[it], sizeof(dataType));
     }
 } /* recvData */
 
 #define   TIME_ADJUST  (feed_samp_msec/100.0)
 
 #define NUMBER 3 /* saveData()

� ® ó �

fp[]

1 �� | 3 > ÷ � ;

  */
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 /* 

�Ç G øù ú � º »1û ( ' � D� , { �� ü ��

 */
 void saveData(enum legs leg)
 {
     enum joints jnt;
     int it, j;
     char *dname = "Data/"; /* 

D� , { � ý �� D¢ þ � �ÿ
 */

     char *LEG[]   = {"LF", "LH", "RF", "RH", "O", NULL};
     char *JOINT[] = {"S", "E", "Y", "A", "T", "O", NULL};
     char *DATA[]  = {"x", "v", "u", "N_Tr", "ue", "uf", /*  "u0_e", "u0_f", */ /*  "p
 ower", *//*  "duty", */ NULL};
 
     char leg_file[18], w_file[20];
     FILE *fp[NUMBER]; 
 
     /* -- SAVE

��

 -- */
     printf("Saving %s’s Data    data_time:%d ...\n", LEG[leg], data_time);
 
     for (jnt = hip; jnt <= yaw; jnt++) {
         strcpy(leg_file, dname);
         strcat(leg_file, LEG[leg]);
         strcat(leg_file, JOINT[jnt]);
         strcat(leg_file, ".");
             
         for( j = 0; j < NUMBER; j++) {  
               strcpy(w_file, leg_file);
               strcat(w_file, DATA[j]); /* 

¡� ¥   � 1 D� , � � � �� � { ��

 */
 
               if ((fp[j] = fopen(w_file, "w")) == NULL) {
                 printf("MONI(saveData)>>Can’t Open write-mode!! : %s\n", w_file);
               }
         }
         for (it = 0; it <= data_time; it++) {
                 /* 

� D� , � 	 


 */
               fprintf(fp[0], "%f %f\n", TIME_ADJUST*it, data[it].px[leg][jnt]);
               fprintf(fp[1], "%f %f\n", TIME_ADJUST*it, data[it].pv[leg][jnt]);
               fprintf(fp[2], "%f %f\n", TIME_ADJUST*it, data[it].pu[leg][jnt]);
         }       
         for( j = 0; j < NUMBER; j++) {
               /* 

�( 3 ¡� ¥   { �
�

 */
               fclose( fp[j]);
         }
     } /* for (jnt = .... */
 
 } /* saveData */
 
 /* 

� � � £ { �ë �� � ±Ú ��

 */
 int monitor(void)
 {
     displayState();
 
     printf("(d) display state\n(s) stepping\n(w) walking\n(t) stop\n(b) 0->Pattern\nd
 ata buffer store\n(v) data save disk\n(q) quit\n");
 
     while(1){
         printf("Push!!");
         switch (getchar()) {
           case ’d’:
             displayState();
             break;
 
           case ’s’:/* stepping : 

E � � é ê ë

 */
             Send_Com(ctl, STORE_DATA,  0, 0, 0, 0, 0);  /* 

D� , { � ��

 */
             Send_Com(ctl, START_STEP,  0, 0, 0, 0, 0);
             break;
 
           case ’w’:/* walking : 

ÙÚ

 */
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             Send_Com(ctl, STORE_DATA,  0, 0, 0, 0, 0);  /* 

�� � �� � �

 */
             Send_Com(ctl, START_WALK,  0, 0, 0, 0, 0);
             break;
 
           case ’t’:/* 

� �

 */
             Send_Com(ctl, STOP_WALK,  0, 0, 0, 0, 0);
             break;
 
           case ’0’:/* Pattern 0 */
             Send_Com(ctl, PATTERN_0,  0, 0, 0, 0, 0);
             break;
 
           case ’b’:/* 

�� � � �� �� �� � �  !

 */
             Send_Com(ctl, STORE_DATA,  0, 0, 0, 0, 0);
             break;
 
           case ’v’:/* 

�� � � �" � # �$ � %  !

 */
             recvData();
 
             saveData(left);  saveData(right);
             printf("ALL DONE\n");
             break;
 
           case ’q’: 
             return(TRUE);
         }
     }
 } /* monitor */
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 /*                                     Time-stamp: <04/08/11 18:01:07 hiroshi> */
 #include <rtl.h>
 #include <rtl_sched.h>
 #include <rtl_fifo.h>
 
 #include <time.h>
 #include <math.h>
 #include <linux/errno.h>
 
 #include <titech-io.c>  /* pcdl0:/usr/src/rtlinux-3.0/titech-io-lib/titech-io.c */
 #include "common.h"
 #include "biped.h"
 
 pthread_t tasks[1];
 
 sharedType s;
 
 double FEED_SAMPT=((double) (feed_samp_msec)/1000.0);
 double BPR [yaw+1];  /* (bit/rad) */
 double BPNM[yaw+1];  /* (bit/Nm)  */
 
 TwIsaAttr twPort;
 
 /* -- 

& ' ã á � � ÏÐ 1 (( ���

*

# ;

* -- (

Ê Ê � � 5 (| z ( � � �� �| '(�

 by 
 hiroshi) */
 gvarType g=
 {
   /* u0max*/
   2.0
 }; /* g */
 
 /* 

�Í ' � +� , 1 �  � { 	 
 ��

 */
 void output2motor(void)
 {
     enum legs leg;  enum joints jnt;  jointType *p;
     
     for (leg=left; leg<=right; leg++)
         for (jnt=hip; jnt<=yaw; jnt++){
             p  = &s.leg[leg].joint[jnt];            
 
             /* Nm -> duty

)

 

* � ÏÐ

*/
             p->da =   Nm_to_bit(p->present.u, jnt, p->motorDir);
 
             //

	 
 � + ,

             if      (p->da >  MaxDUTY)  p->da =  MaxDUTY;
             else if (p->da < -MaxDUTY)  p->da = -MaxDUTY;
 
             if(p->da > 0){
               TwAbzRcSCtrlSetPWM(&twPort, p->digital_board_num, p->motorCH_plus, p->d
 a);
               TwAbzRcSCtrlSetPWM(&twPort, p->digital_board_num, p->motorCH_minus, 0);
             }
             else{
               TwAbzRcSCtrlSetPWM(&twPort, p->digital_board_num, p->motorCH_plus, 0);
               TwAbzRcSCtrlSetPWM(&twPort, p->digital_board_num, p->motorCH_minus, -p-
 >da);
             }
         }
 }
 
 /*******************************************************************/
 /*                          

º ;

feed()

º -

                         */
 /*******************************************************************/
 
 /* --------------- 

�� �

 ----------------------- */
 #include "init.c"
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 void initialize(void) 
 {
     if(Init_TITech_Wire(&twPort) != 1);
 
     init_main(); 
     init_shared();
 } /* initialize */
 
 /* 

Ò � { Ï² �� º ; } (*nowp - last) ± Ò � { *ave_msec

1 ./
 */

 void calc_ave_msec(RTIME last, RTIME *nowp, double *ave_msec)
 {
     double msec;
 
     *nowp = gethrtime();
     msec = ((double)(*nowp - last))/1000000.0;
     *ave_msec = (9.0 * *ave_msec + 1.0 * msec) / 10.0;    
 } /* calc_ave_msec */
 
 /* ---------------- 

+0

 ------------------------ */
 
 #include "calc.c"
 
 /* 

D� , { 1 � � sÿ � u I � ý ��
 */

 void storeData(enum legs leg, int it)    /* 

±Ô D� , � � ��

 */
 {
     enum joints jnt;  jointType *p;
     
     if (it > MaxTime) return;
 
     for (jnt=hip; jnt<=yaw; jnt++) {
         p = &s.leg[leg].joint[jnt];
         s.data[it].px[leg][jnt] = p->present.x;  /* 

� º »� � �

 */
         s.data[it].pv[leg][jnt] = p->present.v;  /* 

� º »� � � �

 */
         s.data[it].pu[leg][jnt] = p->present.u;  /* 

±2 1 	 
 �� 3 �  �

 */
         s.data[it].dx[leg][jnt] = p->present.x;  /* 

� º »� � � ¯ ° 7

 */
     }
 
     s.data[it].cs[leg][fore] = s.leg[leg].cs[fore].ad;
     s.data[it].cs[leg][hind] = s.leg[leg].cs[hind].ad;
 }/* storeData() */
 
 /* 

º » � � 3 	G E� � � º » �� � � ÏÐ

 */
 void sample(void)
 {
     enum legs leg; enum joints jnt;  jointType *p;
     long  dataBuf[20];
 
     /*  

� ��� �� 7ù 4

 */
     TwAbzRcSCtrlEnc32Input(&twPort, D1_NODE_ADDR, dataBuf);
 /*  TwAbzRcSCtrlEnc32Input(&twPort, D2_NODE_ADDR, dataBuf+10); */  /* biped

� � D¢ ¨

 

,  + ¨ ¸�   �¿ û  */
 
     /* 

º » ��

 */
     for(leg = left; leg <= right; leg++){
       for(jnt = hip; jnt <= yaw; jnt++){
         p = &s.leg[leg].joint[jnt];
         p->ad = dataBuf[p->encodeCH];
 
         /* 

® � � ��

 <- 

¬ ­� ��

 */
         p->last.x    = p->present.x;
 
         p->present.x = bit_to_rad(p->ad,jnt,p->encodeDir);
 
         /* 

5 I1 ù� � � Ï Ð

 */
         p->present.v = (p->present.x - p->last.x) / FEED_SAMPT;  /* 

�� �

(rad/s) */

1
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       }
 
       /* 

%Æ � � �

 */
       s.leg[leg].cs[fore].ad = dataBuf[s.leg[leg].cs[fore].encodeCH];
       s.leg[leg].cs[hind].ad = dataBuf[s.leg[leg].cs[hind].encodeCH];
     }
 } /* sample */
 
 /* 

º »� ¡¢ � £ *� � +0

 */
 void feedback(void)
 {
     enum legs leg;  enum joints jnt;  jointType *p;
     
     if (!s.feedFlag) return;
 
     sample();
 
     if (s.walkFlag) calc_traj();
 
     for(leg=left; leg<=right; leg++) {
       for(jnt=hip; jnt<=yaw; jnt++){
         p = &s.leg[leg].joint[jnt];
         
         /* PD

+0

 */
         p->present.u = - p->gain.k1 * (p->present.x - p->desired.x)
                        - p->gain.k2 * (p->present.v - 0.0);
       }
     }
 
     output2motor();
 
     if (s.storeFlag) {
       if (s.data_time < MaxTime) {
           storeData(left , s.data_time);    /* 

±Ô D� , � � ��

 */
           storeData(right, s.data_time);    /* 

±Ô D� , � � ��

 */
           s.data_time++;
       }
       else
         s.storeFlag = FALSE;
     }
 }/* feedback */
 
 
 /*******************************************************************/
 /*                        FIFO

'6 � 7 8 º -

                       */
 /*******************************************************************/
 
 /* Float

0 D� , { ¿ û main

~ 1 ��

 */
 /* fifo

1 �

Float

0 D� , $ 9 %/�

 */
 void RT_SEND_FLOAT(float value)
 {
     float tmp;    
 
     tmp = value;  rtf_put(DATA_BUF, &tmp, sizeof(float));
 } /* RT_SEND_FLOAT */
 
 /* double

� -: �� 3 �; �

size

� D� , {

main

~ 1 ��

 */
 void Send_Var(double *p, int size)
 {
     int i; 
 
     for (i=0; i<(size/sizeof(double))/*

Ê� �G size

� < �: ;� ;{ ª �

*/; i++) {
         RT_SEND_FLOAT((float)*p);
         p++;
     }
 } /* Send_Var */
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 /* Realtime thread */
 /* my_handler

M

thread0

Ò� 7=

fifo

�

number */
 #define TASK_CONTROL_FIFO_OFFSET 4
 void *thread_code(void *t)
 {
     legType *pl;  jointType *pj;  
 
     int fifo = (int) t;
     int taskno = fifo - 1;
     int err, i;
     int ret;
 
     float *p;
     
     ModuleCommand msg;
 
     RTIME t0, t1, t2;
     
     t1 = gethrtime();
 
     while (1) {
       /* 

>? Ò � 1 �( @ 'G F�
thread

1 AB C6�

 */
       ret = pthread_wait_np();
 
       /*

� þ� £ 1 � , � Á �� 3
fifo

1 D� , $ Î� �G command

z D { EB 	 � } z � � �

 G Ê �

if

x � FG ��

*/
       if ((err = rtf_get (taskno + TASK_CONTROL_FIFO_OFFSET, &msg, sizeof(msg))) == s
 izeof(msg)) {
         pl = &s.leg[msg.leg];  pj = &pl->joint[msg.jnt];
 
         switch (msg.command) {
               case GET_DX: RT_SEND_FLOAT((float) pj->desired.x);  break;
               case GET_DV: RT_SEND_FLOAT((float) pj->desired.v);  break;
               case GET_DU: RT_SEND_FLOAT((float) pj->desired.u);  break;
               case GET_PX: RT_SEND_FLOAT((float) pj->present.x);  break;
               case GET_PV: RT_SEND_FLOAT((float) pj->present.v);  break;
               case GET_PU: RT_SEND_FLOAT((float) pj->present.u);  break;
               case GET_KX: RT_SEND_FLOAT((float) pj->gain.k1);    break;
               case GET_KV: RT_SEND_FLOAT((float) pj->gain.k2);    break;
               case GET_AD: RT_SEND_FLOAT((float) pj->ad);         break;
               case GET_DA: RT_SEND_FLOAT((float) pj->da);         break;
               case GET_CS: RT_SEND_FLOAT((float) pl->cs[msg.jnt].ad); break;
                 
               case PUT_DX: pj->desired.x = msg.value;             break;
                 
               case GET_AVE_SAMPT:  /* 

H I � � sÿ � u Ò �

(msec) */
                 RT_SEND_FLOAT((float) s.ave_sampt);                 break;
               case GET_AVE_FEEDT:  /* 

H I

FEED

, � � ±Ú Ò �

(msec) */
                 RT_SEND_FLOAT((float) s.ave_feedt);                 break;
               case GET_DATA_TIME:  /* 

� ý � � 3 D� , ;{

main

~ 1 ��

 */
                 RT_SEND_FLOAT((float) s.data_time);                 break;
 
               case START_TASK:
                 pthread_make_periodic_np(pthread_self(), gethrtime(), msg.period);
 
                 init_PWM_value(&twPort);
                 s.feedFlag=TRUE;
 
                 rtl_printf("Feed thread is started.\n");
                 break;
 
               case STOP_TASK:
                 init_PWM_value(&twPort);
                 pthread_suspend_np(pthread_self());
                 s.feedFlag=FALSE;
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                 break;
 
               case START_WALK:
               case START_STEP:
               case PATTERN_0:
                 s.walkFlag = msg.command;  /* START_WALK or START_STEP */
                 s.wt = 0.0;  s.stps = 0;
                 s.leg[left ].phase = swing;      /* 

J Ç � � ãB 	 �

 */
                 s.leg[right].phase = stance;
 
                 rtl_printf("Step or Walk is started.\n");
                 break;
 
               case STOP_WALK:
                   stop_walking();
 
                   rtl_printf("Step or Walk is stopped. stps=%d\n", s.stps);
                 break;
 
               case STORE_DATA:
                 s.storeFlag = TRUE;  s.data_time = 0;
                 break;
 
               case SAVE_DATA:       /* 

� ý �� 3 D� , � ¿ Ö

(it=ticks)

{

main

~ 1 ��

  */
                 Send_Var((double *)&s.data[msg.ticks], sizeof(dataType));
                 break;
             
               case GET_GVAR:       /* gvarType

{

main

~ 1 ��

 */
                 Send_Var((double *)&g, sizeof(gvarType));
                 break;
             
               case PUT_GVAR:       /* gvarType

{

main

~ � � ö� ¾�

 */
                 p = (float *)&g;
                 for (i=0; i<msg.jnt; i++) p++;
                 *p = msg.value;
                 break;
 
               default:
                 rtl_printf("RTLinux task: bad command\n");
                 return 0;
         }/* switch */
       }/*  if */
       
       t0 = t1; 
       /*

K

1

L

*/
       /* 

® � � K

1

L � � M � � K

1

L N � 1 � � @ 3 Ò � { Ï @ '(� }

         

ÙÚ O�

(v)data store

ÒG D¢ � s þ ¥ � ÁP � � �� Q�

 */
       calc_ave_msec(t0, &t1, &s.ave_sampt);
 
       /* 

¡¢ � £ *� �  */
       feedback();  
           
       /* 

K

1

L � � Ê Ê N � 1 � � @ 3 Ò � { Ï @ '(� .
          

ÙÚ O�

(v)data store

ÒG D¢ � s þ ¥ � ÁP � � �� Q�

  */
       calc_ave_msec(t1, &t2, &s.ave_feedt);
     }
     return 0;
 } /* thread_code */
 
 int my_handler(unsigned int fifo)
 {
     ModuleCommand msg;
     int err;
 
     /* main.c

M

handler

�

fifo(COMMAND_FIFO)

� � � � � £ { EB 	 �

 */
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     while ((err = rtf_get(COMMAND_FIFO, &msg, sizeof(msg))) == sizeof(msg)) {
       /* handler

M « # �� 3

thread

1 � , � Á �� 3

fifo

1 � � � £ { 	 
 ��
 */

       rtf_put (msg.task + TASK_CONTROL_FIFO_OFFSET, &msg, sizeof(msg));
       /* 

� � � £ $ / 
 �� 3

fifo

$ � , � Á �� '(�

thread

{ 3 3 ; ø Ê �
 */

       pthread_wakeup_np (tasks [msg.task]);
     }
     if (err != 0) {
       return -EINVAL;
     }
     return 0;
 } /* my_handler */
 
 /* #define DEBUG  */
 int init_module(void)
 {
         int c[4];
         pthread_attr_t attr;
         struct sched_param sched_param;
         int ret;
 
         rtf_destroy(1);
         rtf_destroy(2);
         rtf_destroy(3);
         rtf_destroy(4);
         c[0] = rtf_create(1, 6000);
         c[1] = rtf_create(2, 6000);
         c[2] = rtf_create(3, 6000/*  200 */);   /* input control channel */
         c[3] = rtf_create(4, 4000/*  100 */);   /* input control channel */
 
         pthread_attr_init (&attr);
         sched_param.sched_priority = 4;
         pthread_attr_setschedparam (&attr, &sched_param);
         ret = pthread_create (&tasks[0],  &attr, thread_code, (void *)1);
 
         rtf_create_handler(3, &my_handler); 
 
         /* TITech-WireG �: ;z D � " #¾ � � �

 */
         initialize();
 
         return 0;
 } /* init_module */
 
 void cleanup_module(void)
 {
         release_TITech_Wire(&twPort);
 
         rtf_destroy(1);
         rtf_destroy(2);
         rtf_destroy(3);
         rtf_destroy(4);
 
         pthread_cancel (tasks[0]);
         pthread_join (tasks[0], NULL);
 } /* cleanup_module */
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 /*                                     Time-stamp: <04/08/07 15:03:36 hiroshi> */
 #include <stdio.h>
 #include <errno.h>
 #include <string.h>
 #include <sys/time.h>
 #include <sys/types.h>
 #include <fcntl.h>
 #include <unistd.h>
 #include <sys/ioctl.h>
 #include <rtl_fifo.h>
 #include <rtl_time.h>
 #include "common.h"
 #include "biped.h"
 
 int fd1, ctl;         /* FIFO

� ¡� ¥   R S �

 */
 char *jointOf[] = {"HIP ", "KNEE", "YAW ", NULL};
 char *legOf[]   = {"Left ", "Right", NULL};
 dataType data[MaxTime+1];
 /*  float data_frank[8]; */
 
 gvarType g;  /* feed.c

�  1 ±/ $ Î� � � ¶ ö 8 ��

 */
 int data_time;
 
 float buf_frank[72];
 
 /* ------------------------- Communication With Feed ------------------------- */
 void Send_Com(int ctl, int command, int task, int period, int leg, int jnt, int it)
 {
   ModuleCommand msg;
   msg.command = command;  msg.task = task;  msg.period = period;  msg.leg = leg;  msg
 .jnt = jnt;  msg.ticks = it;
   
   if (write(ctl, &msg, sizeof(msg)) < 0) {
       fprintf(stderr, "Can’t send a command to RT-task handler\n");
       exit(1);
   }
 } /* Send_Com */
 
 #define BUFSIZE 32
 /* Float

0 D� , { ¿ û Q�

feed

~� � ö� �

 */
 /* fifo

1 �

Float

0 D� , $ 9 %/�

 */
 float Recv_Float(int fd)
 {
   int v;  float *fp;  char buf[BUFSIZE];  /* fifo

� � � 7� *� ¡� �  */
 
   v  = read(fd, buf, sizeof(float));      /* Float

0 D� , { ¿ û Tû � 4

 */
   fp = (float *)buf;   return(*fp);
 } /* Recv_Float */
 
 /* double

� -: �� 3 �; �

size

� D� , {

feed

~� � ö� �

 */
 void Recv_Var(int fd, double *p, int size)
 {
     int i; 
 
     for (i=0; i<(size/sizeof(double)); i++) {
         *p = (double)Recv_Float(fd);
         p++;
     }
 } /* Recv_Var */
 
 /* --------- Command and GET&PUT_VALUE ---------- */
 
 float GET_FLOAT(int com, int leg, int jnt)
 {
     Send_Com(ctl, com, FEED_TASK, 0, leg, jnt, 0);  return(Recv_Float(fd1));/*  

Ê �

f
 d1

� Î @ ¾ �

? */
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 } /* GET_FLOAT */
 
 #define GET_INT(com,leg,jnt)  ((int)GET_FLOAT(com,leg,jnt))
 #include "moni.c"
 
 int main()
 {
     ModuleCommand msg;/*  struct my_msg_struct msg; */
     
     /* Real time thread1 -> Use application */  
     if ((fd1 = open("/dev/rtf1", O_RDONLY)) < 0) {fprintf(stderr, "Error opening /dev
 /rtf1\n"); exit(1);}
     /* User application -> Handler */
     if ((ctl = open("/dev/rtf3", O_WRONLY)) < 0) {fprintf(stderr, "Error opening /dev
 /rtf3\n"); exit(1);}
     
     /* now start the tasks */
     Send_Com(ctl, START_TASK, FEED_TASK, feed_samp_msec * 1000000/* [us] */, 0, 0, 0)
 ;
     
     /* 

� � � U +� , � 	 
 7� ªô { Ú V } E � OG ÙÚ � ,� �ñG D� , � ¡� ¥   W ;

 

�ë z D � �� >? �� 1 z�

 */
     monitor(); 
 
     /* stop the tasks */
     msg.command = STOP_TASK;
     msg.task = FEED_TASK;
     if (write(ctl, &msg, sizeof(msg)) < 0) {
       fprintf(stderr, "Can’t send a command to RT-task\n");
       exit(1);
     }
     return 0;
 }

1
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 /**************** 

X Y � � �

,

¨ Â ¥ t � � � � Z ¦ � [ v ¨ � �\

 *********************
 ************/
 /*************************** 

X Y � � � � X; { 3 	

 *********************************
 ******/
 void sample_InclinationSensor(int incli_pitch_AD, int incli_roll_AD){
   
   double incli_pitch = 0.0, incli_roll = 0.0;
   s.last_inclination_sensor[pitch] = s.inclination_sensor_LPF[pitch];
   s.last_inclination_sensor[roll] = s.inclination_sensor_LPF[roll];
 
   incli_pitch = ((double)incli_pitch_AD - 2082.0);
   if(incli_pitch > 0)
     s.inclination_sensor[pitch] = radian ( incli_pitch * 0.04673 ); /* 

v ¨ � � 1: N

  */
   else
     s.inclination_sensor[pitch] = radian ( incli_pitch * 0.04739 ); /* 

v ¨ � � 1: N

  */
 
   /* 

t� ] � { � � �

 */
   if(s.sensor.inclination_count < 150)
     s.inclination_sensor_LPF[pitch] = s.inclination_sensor[pitch];
   else{
     s.inclination_sensor_LPF[pitch] =  s.inclination_sensor[pitch];
     s.inclination_sensor_LPF[pitch] = (s.last_inclination_sensor[pitch]*700 + s.incli
 nation_sensor_LPF[pitch]*1)/701.0;
   }
   
   incli_roll = ((double)incli_roll_AD - 2184.0);
   if(incli_roll > 0)
     s.inclination_sensor[roll] = radian ( incli_roll * 0.04556 ); /* 

v ¨ � � 1: N

 *
 /
   else
     s.inclination_sensor[roll] = radian ( incli_roll * 0.04975 ); /* 

v ¨ � � 1: N

 *
 /
   
   /* 

t� ] � { � � �

 */
   if(s.sensor.inclination_count < 230)
     s.inclination_sensor_LPF[roll] = s.inclination_sensor[roll];
   else{
   s.inclination_sensor_LPF[roll] =  s.inclination_sensor[roll];
   s.inclination_sensor_LPF[roll] = (s.last_inclination_sensor[roll]*700 + s.inclinati
 on_sensor_LPF[roll]*1)/701.0;
   }
   
   s.sensor.inclination_count ++;
 
 } /* void sample_InclinationSensor */
 
 /******************************* 

¨ Â ¥ t � � � � � � � �

s.sensor.gyro[]

{ 3 	
 ******

 *************************/
 
 void sample_gyro(int gyro_pitch_AD, int gyro_roll_AD)
 {
   //s.sensor.gyro_AD[pitch] = (double)gyro_pitch_AD;
   //s.sensor.gyro_AD[roll]  = s.sensor.init_gyro[pitch]; /*data[it].gyro_pitch_AD[rol
 l]

1 � ¨ Â ¥ t ^� Á _ � �� 7{ / � 3

!!!*/
     
   /* 

¨ Â ¥ t � ^� Á � ¼ ° ½�! ; $ X Y ½� E� ¾ ` a

 */
     s.sensor.gyro[pitch] = (s.sensor.init_gyro[pitch] - ((double)gyro_pitch_AD))  / 4
 .40  / 0.67 ; /* 

b äc � í d 7 �

6.10 

3e �Í ;

!!!*/
     s.sensor.gyro[roll]  = (((double)gyro_roll_AD)    - s.sensor.init_gyro[roll]) / 5
 .67  / 0.67 ; /* 

b äc � í d 7 �

7.67 

3e �Í ;

!!!*/
 }
 
 /**** 

¨ Â ¥ t � � � � �� �� � { 3 	

,

¨ Â ¥ t � � � � � � �� � { f I| ' X;

s.sens
 or.gyro_slope[]

{ gÑ�

 ****/
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 void integrate_gyro(int gyro_pitch_AD, int gyro_roll_AD)
 {
     enum sensors sensor;
     RTIME last_time = 0;
     double delta_time = 0.0, delta_sita  = 0.0;
     double last_gyro[num_sensors];
     double last_gyro_slope[3]={0.0, 0.0, 0.0};
 
     if(s.motionFlag == INIT_GYRO){/* 

hi | '(� �� �G f I �� 3Ñ � �� �� �

init
 _gyro[]

{ gÑ� } ù @ 'G Ê � �� � � á� | ' � z � z ( }  */
 
             if(s.sensor.gyro_count < 100) /* 

¨ Â ¥ t � �Ñ � 7 �j ¥ k$ � @ ' (� �

 

� ÏÐ | z (

 */ //keisuke1008 50
                s.sensor.gyro_count++;
             
             else if(s.sensor.gyro_count > 99){
 
               s.sensor.gyro_AD[pitch] = (double)gyro_pitch_AD;
               s.sensor.gyro_AD[roll]  = (double)gyro_roll_AD;
               
               for(sensor = pitch; sensor <= roll; sensor++){
               
                 s.sensor.inclination_sum[sensor] += s.inclination_sensor[sensor];
                 s.sensor.init_inclination[sensor] = s.sensor.inclination_sum[sensor] 
 / (double)(s.sensor.gyro_count - 99);/* inclination sensor */
                 s.sensor.gyro_sum[sensor] += s.sensor.gyro_AD[sensor];
                 s.sensor.init_gyro[sensor] = s.sensor.gyro_sum[sensor] / (double)(s.s
 ensor.gyro_count - 99);/* gyro sensor */
               
                }/* for */
               s.sensor.gyro_count++; /* feed_samp_msec

l1 ´µ � � ���

 */
             }/* else if */
     }/* if */
 
     else if(s.motionFlag == READY_POSITION){/* 

f I{ � m| ' n/ �� { ÏÐ ��

 */
         
       for(sensor = pitch; sensor <= roll; sensor++){
         last_gyro[sensor] = s.sensor.gyro[sensor];
         s.sensor.last_gyro_slope[sensor] = s.sensor.gyro_slope_LPF[sensor];          
 }
         sample_gyro(gyro_pitch_AD, gyro_roll_AD);
         last_time = pre_time;
         pre_time = gethrtime();
         
       for(sensor = pitch; sensor <= roll; sensor++){
                  
         //delta_time = ((double)(pre_time - last_time))/1000000.0;// (nsec)

� �

(msec)
 

*

//gontan0929
         delta_time = ((double)(pre_time - last_time))/1000000000.0;// (nsec)

� �

(sec)
 

*

//yujioto0224
         delta_sita = (s.sensor.gyro[sensor] + last_gyro[sensor]) / 2.0 * delta_time ;
 //gontan0929
         last_gyro_slope[sensor] = s.sensor.gyro_slope[sensor];
         s.sensor.gyro_slope[sensor] += radian ( delta_sita ); 
         
         /* 

t� ] � { � � �

 */
         if(s.sensor.gyro_count2 < 100)
         s.sensor.gyro_slope_LPF[sensor] = s.sensor.gyro_slope[sensor];
         else{
           s.sensor.gyro_slope_LPF[sensor] = s.sensor.gyro_slope[sensor]; 
           s.sensor.gyro_slope_LPF[sensor] = (s.sensor.last_gyro_slope[sensor]*100 + s
 .sensor.gyro_slope_LPF[sensor]*1)/101.0;
         }
         /* 

£ÿ ¡ � 7� ÏÐ

 */
         s.sensor.drift_value[sensor] = s.sensor.gyro_slope_LPF[sensor] - s.inclinatio
 n_sensor_LPF[sensor];
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         /* 

o pq rs tu

 */
         s.sensor.revised_gyro_slope[sensor] = s.sensor.gyro_slope[sensor] - s.sensor.
 drift_value[sensor];
           
         if(s.gyroFlag == TRUE){/* 

vw x yz � {| $ } ~ s � � �� � � s �� s � � �

 

�  !

 */
              s.sensor.gyro_slope[sensor] = s.sensor.init_inclination[sensor];
              s.sensor.gyro_slope_LPF[sensor] = s.sensor.init_inclination[sensor];
           } /* if */
 
           if(isnan(s.sensor.gyro_slope[sensor]) != 0)
             s.sensor.gyro_slope[sensor] = last_gyro_slope[sensor];
         } /* for */
         s.gyroFlag = FALSE;
     } /* else if */
     s.sensor.gyro_count2++;
 } /* void integrate_gyro */
 
 /***************************************  

�� $ } ~

(

� � � �

)  *********************
 *********************************/
 
 void sample_contact_sensor_switch(int CSS_LF_AD, int CSS_LB_AD, int CSS_RF_AD, int CS
 S_RB_AD){
  
   int threshold_CSS = 2500;
   //#if 0
   if           (CSS_LF_AD >= threshold_CSS) s.sensor.CSS_LF = OFF;
   else if      (CSS_LF_AD <  threshold_CSS) s.sensor.CSS_LF = ON;
 
   if           (CSS_LB_AD >= threshold_CSS) s.sensor.CSS_LB = OFF;
   else if      (CSS_LB_AD <  threshold_CSS) s.sensor.CSS_LB = ON;
 
   if           (CSS_RF_AD >= threshold_CSS) s.sensor.CSS_RF = OFF;
   else if      (CSS_RF_AD <  threshold_CSS) s.sensor.CSS_RF = ON;
 
   if           (CSS_RB_AD >= threshold_CSS) s.sensor.CSS_RB = OFF;
   else if      (CSS_RB_AD <  threshold_CSS) s.sensor.CSS_RB = ON;
 
   //#endif
   //  s.sensor.CSS_L = (double) CSS_L_AD;
   //  s.sensor.CSS_R = (double) CSS_R_AD;
 }
 
 /*************************************************  

�� �

  *************************
 *******************************/
 
 void sample_floor_reaction_force(int FRF_L_AD, int FRF_R_AD){
 
   s.sensor.FRF_L = (double)FRF_L_AD / (316.0 / 9.8);
   s.sensor.FRF_R = (double)FRF_R_AD / (344.0 / 9.8);  
 
 }
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 ##                                     Time-stamp: <04/08/07 15:03:17 hiroshi>
 IOLIB = /usr/src/rtlinux-3.0/titech-io-lib
 
 all: feed_module.o main 
 
 include /usr/src/rtlinux-3.0/rtl.mk
 
 main: main.c moni.c common.h define.h biped.h
         $(CC) ${INCLUDE} ${USER_CFLAGS} -O2 -Wall main.c -o main
 
 #

�V � e ��p �� � f X T � � T �� d � �� � � � b � � � �  p �¢¡ £ ¤ ¥_ ` ¦§ �

 

b � ¨ ` ¥ © �  �   ª �  \

 #

£ £ � X

libm.a

« � b � ¨ ` ¥¬

 feed_module.o: feed.o
         ld -r -static -o feed_module.o feed.o -L/usr/lib/ -lm
 
 feed.o: feed.c calc.c init.c common.h define.h biped.h 
         $(CC) ${INCLUDE} ${CFLAGS} -I${IOLIB} -c feed.c -o feed.o 
 
 clean:
         rm -f main *.o
 
 include $(RTL_DIR)/Rules.make
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