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Free gait planning for a hexapod robot based on discretization

LI Man-hong, ZHANG Ming-lu†, ZHANG Xiao-jun, WANG Yan
(School of Mechanical Engineering, Hebei University of Technology, Tianjin 300130, China)

Abstract: In order to precisely imitate biological gait and give full play to the potential of hexapod robots, we build
a discrete model of stepping based on the discretization of foot trajectories and the fusion of central-pattern-generation
(CPG) model and the reflect model. Based on the stability analysis, a stable state-space is constructed and the issue of gait
planning is transformed into the sequencing problem of states in the stable state-space. Then, a new free gait generation
algorithm is proposed and it is optimized based on the average stability margin. The gait experiment results of the prototype
show that both the free gait generation algorithm and the optimized algorithm can generate stable gaits which accord with
movement characteristics of creatures in adjusting the speed dynamically during the moving process and in bypassing the
obstacle with width up to the stroke length. By comparing the results, we find that the gait generated by the optimized free
gait generation algorithm is more stable than that generated by the free gait generation algorithm.
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1 ÚÚÚóóó(Introduction)
8vÅì<äk´L�Ú�ÚP{��N(�,

U·AE,�/n�¸�äk�p���5,3ü
x!�¯!ÑÖ!à��+�kX2��A^cµ[1].
gþ­V80c�±5,IS	õ¤�ÆÚïÄÅ��
Uï�¤õ
Genghis, Ariel, Asterisk, RoboturkÚ
Noros�õ«5UR��8vÅì<,¿é�'Ä:
nØ?1
�\&¢[2–6]. Ú�5y��8vÅì<
Ä:nØïÄ¥�Ø%SN,�và;,5yÚÅN
$Ä5yJønØáv:,û½�v$Ä�S,��
K�Åì<��N$Ä5U,´8vÅì<p�ÏL
E,�(��¸,¿©u�ÙÅ�dU�'�.

8c,A^u8vÅì<�Ú�Ì��n�Ú�!
ovÚ�!Å/Ú��5K±ÏÚ�,3�½§Ýþ
��
Åì<$Ä�(¹5. �d,Æö©OJÑ

ÄuÛÜ5KÚÄu¥Í�ªu)ì(central pattern
generator, CPG)�n�gdÚ�5y�{[7–10]. Äu
ÛÜ5K�Ú�5y�{lÚ�/��ÝÑu,�â
và��¸��p9�vm��å'X,ÏL�½{
ü5K5��)ÔÚ�. Porta�|^ÎÒL«�v 
�G�,Äu8vÅì<vm�å'X,ÏL�½�
A�5K,Äu���.¢y
÷�½;,�gdÚ
�5y[11]. ISë#�Ç��é8vÅì<,Äu©
ÙªÛÜ5K�ä,JÑ
�«#�Ú�5y�
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{[12]. ¯¢þ,Ú�Ï~Ly�)Ô��«!Æ1�,
Ì�d uB�(BHÄÔ)½9J ²!(ÃBHÄ
Ô)�CPG��[13]. É)ÔÚ���Ånéu,IS	
ÆöJÑ
ÄuCPG�n�Ú�5y�{. T�{ò
Åì<�vÀ� ²�,ÏLCq±Ï5�>u�v
$Ä¢yÅì<�1r. Cristina�|^và�"&Ò
éCPG�.�ëê?1Ä�N�,¢y
Åì<��
� $Ä[14–15]. IS�§t�Ç��@BéCPGm
Ð
�\ïÄ,òÙ¤õA^uovÅì<Biosbot
�Ú�5y[16–17]. �áw�Ç�Äu��ì�.|
ï
Åì<�'!CPG�ä,¿ÏLN�CPG�.K
�¢y
ØÓÓ�'�Ú�[18].

ÄuÛÜ5K�Ú�5y�{äk�Ð�R5Ú

°�5,3�OÚ�±ÏS�)ÔÚ�/�pÝ�q,
�ÏÙÚÌ��´É�¸K�,Ú�éJÂñ,��
�Nþ�)ÔÚ�Ek�½�å. 
ÄuCPG�n�
Ú�5y�{�3vkDaì�"��/e)¤­

½Ú�,(�{ü,�A�Ý¯,�ÏÙvà;,Ï~
�é�z,�¸·AUå��,�J±¢yÚ��ª
�²w=z. Xc¤ã,ÄuÛÜ5KÚÄuCPG�
n�Ú�5y�{þ�5yÑ·^uE,//�g

dÚ�,�Ù5U�¢S)ÔÚ�E�3���å.
ÄÙ�Ï,ykÚ�5y�{õÉÚ�5yüÑ½v
à;,5y�{¤�,áv:�U�ÄÀ�,ØU�
)Ô���3Ùüvó��mS(¹À�k�áv

:,���þù,8cE"yé)Ô1rL§¥�v
 �G�9Ú�)¤Ån�°(£ã. Ïd,k7�
ÄuykïÄ¤J,&¢#�Ú�5y�{,±Ï°
[��)ÔÚ�,¿©u�8vÅì<$ÄdU.

Ú��lÑz?n´¢yé)ÔÚ�°[���

Ä:,
Ú�)¤Ån�êÆ£ã´¢y�)Ú��
Ø%. �,�v3z�Ú�±Ï¥�và;,þëY,
�Åì<3��1rL§¥�áv:%´lÑ�,

Ú�5y�Ø%T�3E,�¸¥½Äu,
�å

^�5ylÑz�áv:S�. �éykÚ�5y�
{�3¯K,±áv:�(¹À��Ñu:,Äul
Ñzg�,ò8vÅì<và;,?1lÑz?n,
KÅì<3$ÄL§¥� �G�=�^�v¤?

�lÑ:°(£ã,3dÄ:þ,ÏL�½� �G
�m�=�5K�Ú�±Ï��©?n,�éÚ�)
¤Ån?1T�£ã,Ó�,(Üvà��ÚA½`
zOK,�3�þlÑ:¥(¹À�k�áv:,�
°[��)ÔÚ�,JpE,�¸¥Åì<$Ä5U
C½Ä:.

�©lÅì<và;,�lÑz\Ã,KÜCPG

�.����.�Ø%g�,ïá
lÑzÚ��.,

(Ü­½5©Û,�ï
Åì<­½� �G��m,
òE,�Ú�5y¯K=z�êÆ¥{ü�^Sû

ü¯K,=­½� �G��m¥ �G�m�üS
¯K,±BÏL�½�A�üS5K�[)ÔÚ�)
¤Ån,5y´Lp���)Ú�. Édéu,JÑ

�«#�gdÚ�)¤�{,¿Äu²þ­½üþé
T�{?1
`z,��(Ü¢�ïÄéÚ�5y�
{��15?1
�y.

2 lllÑÑÑzzzÚÚÚ������...(Discrete model of stepping)
¢�*ÿuy,)Ô3�²"�//þÂñu±

ÏÚ�,
3Þª//þKLy�gdÚ�[19]. gd
Ú�U
éz�Ú�±Ï¥�Ó/Xê!�é� �

Ú�ëê¢�N�±��N�!=�!;æ!�æ�

8�,Ï
ÙÚ�ëêäkØ(½5. �Bu£ã!5
yÎÜ)Ô$ÄA:�gdÚ�,�©3lÑzÅì
<và;,�Ä:þ,KÜCPG�.����.�Ø
%g�,ïá
lÑzÚ��..

Xã1¤«,3Åì<üvÚå�m�\n(n > 2,

n ∈ Z)�lÑ:,?Ò©O�1, 2, 3, · · · , n,Ù¥1Ò
:�üvÚå�c4�:(AEP), nÒ:�üvÚå�

�4�:(PEP),Ù{�:þÙuü4�:�m,¦�
�ü:m�ål��. ½Âvàd| ��{Ä��
=�:�0Ò �,K0Ò ��U�1�nÒ �¥�

?¿�:. 8vÅì<üvÚå�lÑz?n¢y

| �và;,�lÑz,
0Ò �(Ü�lÑz
 �:,K¢y
{Ä�và;,�lÑz. �ul
ÑüvÚå�lÑ:ê8��âlÑ°Ý�¦Ä�

N�,lÑ:ê�õ,;,Ú �G��°[,Ú��
´L,�Ú�5y¥$�þ��,�þã�{�3A
½°ÝelÑvà;,,£ã�v �G�,�gd
Ú�5yC½Ä:.

ã 1 lÑzÚ��.

Fig. 1 Discrete model of stepping

Ú�Ï~Ly�)Ô��«!Æ1�,Ì�d 
uB�½9J ²!�¥Í�ªu)ì��.é)Ô

ó,��üv3��Ú�±ÏTS�{Ä�m�á

uÙ| �m[19],=tswing < tsupport. �¢yl��
�Ý��)ÔÚ��!Æ1�,ÄuCPG�.,À�
8vÅì<!Æ$Ä���±ÏTos�tswing,KÅì
<���Ú�±Ï�@�deZ���±Ï|¤,Ù
¥�3����±Ï?u{Ä�,=òÚ�±Ï±�
�±Ï�Ä�ü ?1
�©?n.

�¦þ~�Åì<$ÄL§¥��ïgê,ü$
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UÑ,Äu���.,5½ �G�m�=�5K�:
?u| ��và�U�?Ò��� �£Ä��

��0Ò �,
0Ò �và��Å��| ��?
¿ �,�?¿ü �m�=�I3����±ÏS
�¤.

½Â1�n¥z��ü:m�ål���ü ,^
ü uL«. Äu$Ä��é5,Åì<ÅN�$Ä�
Ý���ûu| �và�£Ä�Ý,
�{Ä�v
à�$ÄÃ'[20]. Ïd, 0Ò ��Ù¦ �målþ
P�0 u. u´Åì<ÅN�£Ä�Ý�L«�
v (u/Tos)(v = 1, 2, 3, · · · , n− 1). b�8vÅì<
$Ä�Ý�n− 2 (u/Tos),KÅì<và�U�3
� �G�C��0 → 1 → n− 1 → 0½0 → 2 →
n → 0.

Ú��lÑz?n´¢yé)ÔÚ�°[���

Ä:,
Ú�)¤Ån�êÆ£ã´¢y�)Ú��
Ø%. lÑzÚ��.ÄuÅì<và;,�lÑz
?n,|^�v¤?lÑ:°[£ãÅì<$ÄL§
¥�v �G�,Ó�,Äu���.,�½ �G�
m�=z5K,(ÜCPG�.�Ø%g�,òÚ�±
Ï?1�©?n,¿ò�ö�pKÜ,¢yÚ�)¤
Ån�T�£ã,�°[��)ÔÚ�C½
Ä:.

3 ­­­½½½���   ���GGG������mmm(Stable state space)
8vÅì<�8vþÄulÑzÚ��.?1l

Ñz?n�,Xã 2¤«,Åì<8v�U�3
(n + 1)6« �G�,�¤��6�� �G��m,
Ù¥?� �G�þ�^ �G��þP = (p1,

p2, p3, p4, p5, p6)£ã, pi�1 iv¤? �.,
,ù

 �G�¥¬�3�
Ø­½ �G�Ú7,�

�Ø­½ �G�. ~X�Åì<?uØ­½ �G
�(0, 0, 0, 0, 0, 0)�,8vÓ�?u{Ä�,Åì<7
Ø­½. qX�Åì< u7,��Ø­½ �G
�(1, 1, 1, 1, 1, 1)�,�,Åì<�c­½,�duÅ
ì<�1��và$Ä�Ý�ÅN$Ä�Ý���

Ó�0Ò �´üv �C�¥7² �,Ïd,T 
�G�7¬=��Ø­½ �G�(0, 0, 0, 0, 0, 0).
�uØ­½ �G��7,��Ø­½ �G�þ

ò��Åì<Ø­½y��u),¤±Ú�5yL§
¥�öþA�±;�. 3Åì< �G��m¥,�
âÅì<�c �G�!$Ä�Ý±9�A�­½5

�âGØØ­½ �G��7,��Ø­½ �G

�,���8vÅì<­½� �G��m. �Åì
<3��$ÄL§¥,¤?� �G�þ u­½�
 �G��m�,Åì<7·�­½.

3.1 ØØØ­­­½½½   ���GGG���(Unstable state)
Åì<3��Ú�±Ï¥,XJÙ­%3Y²¡

�ÝK©ª u| váv:�¤�­½õ>/(X

ã2¥J�n�/)�S,K¡Åì<·�­½[21–22].
éuæ^é¡Ù�/ª�~58vÅì<,XJÅì
<üýv¥,�ý�3cvÚ�vÓ�| ��¹,
,�ý�3cvÚ�vÓ�| ½¥v| ��¹,
@oÅì<�½·�­½[7]. ½ÂÅì<�­½G�
�þ�S = (s1, s2, s3, s4, s5, s6),Ù¥si�1 iv�

G�,?u| ���1,{Ä���0,ØU(½�
�x,K8vÅì<½5�·�­½5�â�

Ss(S) = s1s3s5 + s2s4s6 + 2s1s3s4s6 > 1. (1)

ã 2 8vÅì<�lÑz?n

Fig. 2 Discretization of the hexapod robot

8vÅì<�·�­½5�·�­½�ISs��

',���¹e, Ss��,Åì<�­½. dª(1)�
�, Ss�O�úªd3��¤,XJÅì<·�­½,
K 3�¥��k 1�� 1,=Åì<��÷v(1, x, 1,

x, 1, x), (x, 1, x, 1, x, 1), (1, x, 1, 1, x, 1)3«G�¥�
1«. u´,8vÅì<Ø­½ �G�7,�3��
üvÓ�?u{Ä�,¦Ss = 0. Ïd,�|^½5�
·�­½5�âéÅì<Ø­½ �G�\±�O,
¿ò �G��m¥Ø­½ �G��±�Ø.

3.2 777,,,������ØØØ­­­½½½   ���GGG���(State resulting in
instability inevitably)
7,��Ø­½ �G��©�����Ø­½

 �G�Úm���Ø­½ �G�üa. XJ��
­½ �G�3e����±Ï7,=C�Ø­½

 �G�,K¡T �G������Ø­½ �G
�. Ón,XJ��­½ �G�3eZ���±Ï
�7,=C���Ø­½ �G�,K¡T �G�
�m���Ø­½ �G�. Xc¤ã,Ø­½!��
Ø­½!m�Ø­½ �G��ªþ¬��Åì<Ø

­½y��u),Ïd,3Ú�5yL§¥þA�±
;�,nö'XXã3¤«. du8vÅì<�v{Ä
�þ�����±Ï�Åì<3��$ÄL§¥÷

v·�­½^�,K����Ø­½ �G��U´
��üvÓ�?u| �,�{pi, pi+1} > n + 1− v,
=��üv¬3e����±ÏÓ�d| �=C

�{Ä�.m���Ø­½ �G���y����
Ø­½ �G���),KI(��3��üvÓ�
?u| ��÷vª(2),=¦ü��| v3Ó��
�±ÏS=C�{Ä�.
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{

n+1−(k+1)v 6 {pi, pi+1}<n+1−kv,

k = [(n + m−max{pi, pi+1})/v], 0<m<1.

(2)

ã 3 8vÅì<�Ø­½ �G�

Fig. 3 Unstable states of the hexapod robot

4 gggdddÚÚÚ���)))¤¤¤���{{{(Free gait generation al-
gorithm)
Ú�5y�¢��Äu,
�å^�½A½�`

zOK�Åì<5y÷v$ÄI¦� �G�S�.
Äu­½� �G��m� �G�m�=�5K,
Åì<�Ú�5y¯K�=z�­½� �G��

m¥� �G�m�üS¯K.Xã4¤«,ë�­½
 �G�m�¢�ÚJ�þ¢y
�­½ �G�

m�=�,Ïd,��Lü«ØÓ�­½Ú�. Äuþ
ãg�,�©JÑ
�«#�gdÚ�)¤�{.

ã 4  �G�m�=�

Fig. 4 Transitions of the states

b�8vÅì<�c �G�Pn�(p1, p2, p3,

p4, p5, p6),$Ä�Ý�v. �âª(3)é�c �G
�Pn?1ý?n,±�ä�c �G�¥´Ä�3Û
¹�0Ò �.

p′i =





0, pi = 0,

[sgn(n + m− pi − v) + 1](pi + v)/2,

0 < m < 1, pi 6= 0.

(3)

�â �G�m�=�5K,Åì<e���±
Ï�U� �G�P ′

n+1±9�A�­½G�S′
n+1©

O � (p′′1 , p
′′
2 , p

′′
3 , p

′′
4 , p

′′
5 , p

′′
6)Ú (s′1, s

′
2, s

′
3, s

′
4, s

′
5, s

′
6),

�ö�©OUª(4)–(5)¦�:

p′′i =

{
p′i, p′i 6= 0,

random{1, 2, · · · , n}, p′i = 0,
(4)

s′i =

{
0, p′i = 0,

1, p′i 6= 0.
(5)

Xc¤ã,�p′i = 0=1ivvà u0Ò ��,
IUì�½5K,À�{Ä��| ��=�:p′′i .
�O�ÚÌ,~�Åì<�ïgê,ü$UÑ,�ép′′i
�À��½
Xª(4)¤«�À�5K,¿�ª¥
random{1, 2, · · · , n}�Lp′′i ,�gÁ�1, 2, · · · , n.
�Ä·�­½^�, p′′i��ª����ÉÙ��üv

� �G�K�,���üv �G�äk�CA�.
Ïd, p′′i�À�LyÑ�½��Å5. �Åì<8v
þ�1�ª(4)¤«=�,K�)¤e���±Ï�U
� �G�P ′

n+1. d�I�äP ′
n+1´Ä u­½�

 �G��m. XSs(S′
n+1) < 1,KP ′

n+1�Ø­½ 

�G�; P ′
n+1÷vª(6),=�����Ø­½ �G

�;÷vª(7),K�m���Ø­½ �G�. þã3
« �G�þØ u­½� �G��m,XP ′

n+1�

Ù¥?¿�«,KIN�p′i = 0�p′′i���,��
P ′

n+1 u­½� �G��m. d�,8vÅì<e
����±Ï� �G�Pn+1���P ′

n+1. XJH
{¤k�ª(4)¤«=�5K)¤� �G�,þØU
¼� u­½ �G��m�P ′

n+1,K`²Ð© �
G�Pn�����Ø­½ �G�,IéÙ?1N�
±)¤­½Ú�.

{p′′i , p′′i+1} > n + 1− v, p′′7 = p′′1 , (6)




{p′′i , p′′i+1} > n + 1− (k + 1)v,

{p′′i , p′′i+1} < n + 1− kv,

k = [
n + m−max{p′′i , p′′i+1}

v
],

0 < m < 1, p′′7 = p′′1 .

(7)

8vÅì<3±gdÚ�$Ä�,²~I�C�
$Ä�Ý.b�Åì<�c$Ä�Ý�vn, Pn u­

½� �G��m. Äu �G�m�=�5K,X
JPn¥�3ü��| v,@o§� ����ýé
�7,�u�uvn. Ïd,3N�L§¥,XJvn+1

< vn,K3Pn�e����±Ï¥��ò�ÝN�

�vn+1=�,Åì<7U��­½ �G�Pn+1. �
�vn+1 > vn�,X3Pn�e����±Ï¥��ò

�ÝN��vn+1,Åì<é�U|¢Ø�­½� �
G�,d�,IÚ\�«N�Å�±�¤N�L§.
�vn+1 > vn�,Äk�äe3Pn�e����±Ï

¥ò�ÝN��vn+1UÄ��­½ �G�Pn+1.
XJPn+1 u­½� �G��m,K3Pn�e�

���±Ï¥ò�ÝN��vn+1=�;XJPn+1Ø

÷v­½^�,KI3Pn�e����±Ï¥ò�Ý

N��1(u/Tos). �v = 1(u/Tos)�,Åì<8vÄ�
þ�H{¤k­½ �G�,�duvn > 1,Åì<
7½U��­½ �G�Pn+1. d�,­EþãL§,
��x���±Ï�,�3Pn+x�e����±Ï¥

ò�ÝN��vn+1��.
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gdÚ�Ï~A^uE,//±¼����(¹

5?
�yÅì<1r�ÏL5!ëY5. Ï
,Åì
<3�1gdÚ��,Ø�;�/�ª��
æN.
�8vÅì<ª�æN�,�â �G�m�=�5
K9�A�­½5�â,¬��0Ò ��| � 
��nØ=�S�. XJvà3�dS��1và;
,�,ÏLvà��uy¦��nØáv:¢Sþ¿
Ø­½,K�3�{þ@�T �G��Ø­½ �
G�. d�,Åì<�I�£þ� �G�,­#À
�0Ò �và=��| �� �,��¢Sþ�
áv:­½��.TL§¢�þ¢y
ÄuÛÜ5K
�ÄuCPG�nÚ�5y�{�KÜ,|^���.
Jø�và�"&Ò¢y
éCPG�.ëê�Ä�
N�.

²©Û��,gdÚ�)¤�{U
¢yÚ��
gd=���±Ï5Ì���Ï3u?u0Ò ��
và��Å�=��| ��?¿ �,�0Ò �
¬�X$Ä�Ý�Cz
Cz,��Åì<$ÄL§
¥�é� !Ó/Xê�Ú�ëê�Ä�N�. Ù¥,
0Ò �=��| �� �û½
�é� ,
$
Ä�Ý�0Ò �=��| �� ��Óû½
Ó
/Xê. d	,TgdÚ�)¤�{KÜN�Å��
¢yÅì<$ÄL§¥�Ý�Ä�N�,(Üvà�
��¢yÅì<3E,//þ�­½$1. ÄulÑ
zÚ��.�gdÚ�)¤�{Ø=¢y
ÄuÛ

Ü5K�ÄuCPG�nÚ�5y�{�KÜ,
��
°[��)ÔÚ�±��(¹$Ä�8�.

5 gggdddÚÚÚ���`̀̀zzz���{{{(Optimized free gait gen-
eration algorithm)

5.1 ­­­½½½üüüþþþ(Stability margin)

�â·�­½^�,Åì<­%3Y²¡�ÝK
©ª u| váv:�¤�­½õ>/�S�,Å
ì<·�­½. Åì<�·�­½5�^­½üþ
Smïþ. �{zO�,�©¥­½üþ´�Åì<­
%3Y²¡�ÝK÷ÅN¶����| õ>/�

��ål,Ù¥­%3Y²¡ÝK÷ÅN¶����
| õ>/cý>.�ål�cý­½üþSmf ,�
| õ>/�ý>.�ål��ý­½üþSmb,X
ã5¤«. b�8vÅì<!å�J ,Úå�R,±ÅN
�%c��:ïáÅì<�ÅN�IX,Ùy¶÷XÅ

N¶���c?��, x¶��mý¥v. �Åì< 
�G�¥pi > 0(i = 1, 2, · · · , 6),=8vþ?u| 
��, 1�6Òv�áv:3ÅN�IX¥�y¶�I

�g�J+R/2−(p1 − 1)R/(n− 1), R/2−(p2−1)R/
(n − 1), −J + R/2 − (p3 − 1)R/(n − 1), −J +
R/2− (p4 − 1)R/(n− 1), R/2− (p5 − 1)R/(n− 1),
J + R/2− (p6− 1)R/(n− 1). �âAÛ'X,Åì<

�cý­½üþd1, 2, 5, 6Òv(½,
�ý­½ü
þKd2, 3, 4, 5Òv(½. XJÅì<�c �G�
�P ,­½G��S,KÅì<�cý­½üþSmf�

�ý­½üþSmb�©Odª(8)–(9)¦Ñ,u´�¦
�Åì<�­½üþSm�min{Smf , Smb}. XJÅì
<3��$ÄL§¥Sm > 0ð¤á,KÅì<·�
­½.

Smf =

(s1s6)[
J + R

2
− (p1 + p6 − 2)R

2(n− 1)
] +

[s1s5(1− s6)][
J + R

2
− (p1 + p5 − 2)R

2(n− 1)
] +

[s2s6(1− s1)][
J + R

2
− (p2 + p6 − 2)R

2(n− 1)
] +

[s2s5(1− s1)(1− s6)][
R

2
− (p2 + p5 − 2)R

2(n− 1)
], (8)

Smb =

(s3s4)[
J −R

2
+

(p3 + p4 − 2)R
2(n− 1)

] +

[s3s5(1− s4)][
J −R

2
+

(p3 + p5 − 2)R
2(n− 1)

] +

[s2s4(1− s3)][
J −R

2
+

(p2 + p4 − 2)R
2(n− 1)

] +

[s2s5(1− s3)(1− s4)][
(p2 + p5 − 2)R

2(n− 1)
− R

2
]. (9)

ã 5 8vÅì<�­½üþ

Fig. 5 Stability margin of the hexapod robot

­½üþ¢y
éÅì<·�­½5�½þ£ã,
�½5�·�­½�â�',*Ð
·^��,Jp

�½�O(5. XJ8vÅì<� �G�÷v
Ss(S) > 1,K7�3Sm > (J −R)/2. Ïd,�Åì
<�!å�uÚå�,XJÅì<� �G�÷v½
5�·�­½�â,KÅì<3��Ú�±Ï¥�·
�­½üþ���(J −R)/2.

5.2 ÄÄÄuuu²²²þþþ­­­½½½üüüþþþ���gggdddÚÚÚ���`̀̀zzz���{{{(Op-
timized free gait generation algorithm based on
average stability margin)
gdÚ�)¤�{��NÅì<�v)¤­½�
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Ú�S�,,
Ó�Ð© �G��U�)õ«Ú�
S�,gdÚ�)¤�{�´�ÅÀ�
Ù¥�«.
Ïd,�©Äu²þ­½üþJÑ
gdÚ�`z�
{,±Åì<�²þ­½üþ�`z8I,l¯õ�
Ú�S�¥×ÀÑ­½üþ�é���Ú�S�,±
¦Åì<3��1rL§¥¦�U?u­½üþ�

�� �G�.

gdÚ�)¤�{�)¤õ«Ú�S��'�3

u0Ò �và��Å=��| �¥�?¿ �.
�?u{Ä��và=��| ��,Åì<3��
Ú�±ÏS�Ú�S�3�½§Ýþ®²�z,\�
Åì<�­½üþÌ�d| �và� �G�û

½. Ïd,Äu²þ­½üþégdÚ�)¤�{?
1`z,¢�þ´é0Ò �và=���| � 
�?1`z. u´,�rÅì<��$ÄL§¥�Ú
�S�±0Ò ��©.:,lÑ�eZ�f`zL
§. 3z�f`zL§¥,�g¦��� �G��
­½üþ,�1TfL§¥²þ­½üþ���Ú�
S�,KU¦Åì<3��$ÄL§¥­½üþ¦�
U�`,Xã6¤«.

ã 6 Ú�`zL§

Fig. 6 Optimization process of the gait

b�8vÅì<�c �G��Pn,$Ä�Ý
�v,�âgdÚ�)¤�{,���e���±Ï�
 �G�Pn+1Ú­½G�Sn+1. XJ3Pn¥{Ä�

và� ��pi,| �và� ��pj(j 6= i),@
o3Pn+1¥�Pn¥{Ä�và� �piò¬=��

| � �p′′i . du0Ò ���Å=��?¿| 
� �,�Ï�5�é�½�Ú�S�,u´,z�f
`zL§�¹���±ÏênkXª(10)¤«.

nk = min{[n−max{pj}
v

], [
n−max{p′′j }

v
] + 1}.

(10)

3�e5�nk���±Ï¥,Ú�S�òdpi=

���| � �p′′iû½,�ïþÅì<3nk���

±Ï¥�­½5,O�Åì<�²þ­½üþ

S̄m =
nk∑
i=1

Smi

nk

,

Ù¥Smi� �G�Pn+i�­½üþ. Pn¥?u0Ò
 ��và�U�3õ�,��và=��| ��

 ��Ø¦�Ó,¤±Pn+1¬�3õ«�¹,±�
Pn+2, Pn+3, · · · ,Pn+nk

� �G��Ø¦�Ó.©
OO�f`zL§¥¤k�UÚ�S��²þ­½

üþS̄m,Kmax{S̄m}¤éA�Ú�S�=�Pn¤U

=���²þ­½üþ���Ú�S�.

6 ÚÚÚ���¢¢¢���(Gait experiments)
¢��Åæ^é¡Ù��V3v(�,Xã7¤«,

�väk4�{Ä'!Ú1�và^='!,©Od5
�ûÅÕá°Ä.�u¢�L§¥Óªvà�A!Ø
�3�é$Ä,��òÙÀ�~5�8vÅì<. Å
ì<ÚåR�2.4 dm,!åJ�4 dm,|^0�7�8�
lÑ:éÙvà;,?1lÑz?n. �?�Ú©Û
�©Ú�5y�{��15,�éØÓ¢�8I,|
^¢��Å�g?1N�!�æÚgdÚ�)¤�{

�`z�{�é'¢�,¿P¹¢�L§¥Åì<�
 �G�S�Ú�A­½üþ. ¢�L§¥�Ü©À
ª�ãXã8¤«. ��ß�*Ly¢�(J,±B(
J©Û,¢�(JÌ�±Ú�ã�/ª�Ñ.

ã 7 8vÅì<(�

Fig. 7 Structure of the hexapod robot

ã 8 Ú�¢�¥Åì<$ÄL§

Fig. 8 Robot motion process in gait experiments

6.1 gggdddÚÚÚ���)))¤¤¤���{{{���NNN���¢¢¢��� (Speed adjust-
ment experiment with free gait generation algo-
rithm)
�égdÚ�)¤�{�N�Å�,|^¢��

Å,éÙ3²"//þ�N�L§?1Ú�¢�. ¢
��¦Åì<±(1, 4, 3, 5, 2, 6)�Ð© �G�,k
±2(u/Tos)��Ý$Ä20���±Ï,,�ü�±
1(u/Tos)��Ý$Ä20���±Ï,��\�±4(u/
Tos)��Ý$Ä10���±Ï.A^�©gdÚ�)
¤�{¥�N�Å����Åì<350���±Ï
S�¢S �G�S�,Xã9¤«,Ù¥J���½
��Ý­�,¢��¢S�Ý­�.lã9�±wÑ,
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Åì<3c20���±ÏS±2(u/Tos)��Ý­½$
1,gÐ© �G�²ü���±ÏN��BÂñu
±ÏÚ�. Åì<3ü�L§¥,¢S�Ý­�Ã¢
�y�,`²Åì<�ü�L§U3����±ÏS
�¤,m�L²XJÅì<�c?u­½� �G�,
Ùü��7?u­½� �G�. Åì<340���
±Ï��¦±4(u/Tos)��Ý$1,�¢SþÅì<

²ü��Ý�1(u/Tos)���±ÏN��â��5½
��Ý,`²XJÅì<�c?u­½� �G�,
Ù\��Ø�½?u­½� �G�,��ÏLü�
²eZ��±ÏN����5½�Ý.¢�(JL²
gdÚ�)¤�{�3²"//þ�â�½��Ý

�¦)¤­½�Ú�,(ÜN�Å�,�pÝ���
½�Ý,¿¢yÅì<$Ä¥�Ý�Ä�N!.

ã 9 gdÚ�)¤�{�N�L§

Fig. 9 Speed adjustment process with free gait generation algorithm

6.2 gggdddÚÚÚ���)))¤¤¤���{{{������æææ¢¢¢��� (Obstacle
navigation experiment with free gait generation
algorithm)
��ygdÚ�)¤�{é�(��¸�·A

Uå,é�Å��æL§?1
¢�ïÄ.�½Åì
<�Ð© �G��(1, 4, 3, 5, 2, 6),±1(u/Tos)�
�Ý3äk�a��²�/¡þ1r. ²ÿ�,1

rL§¥115, 20, 23, 41���±Ï¥1vÄg)
¤�nØáv:å�a�>÷ål©O�0.8 dm,
1.6 dm, 1.2 dm, 2.4 dm. Åì<350���±Ï¥
� �G�9�A­½üþXã10¤«. ã10L²,
(Üvà��,gdÚ�)¤�{�(¹À�k�
áv:,)¤­½�gdÚ�±·AØÓ//,

�U
¦Åì<ª�°Ý�Úå�æN.

ã 10 gdÚ�)¤�{��æL§

Fig. 10 Obstacle navigation process with free gait generation algorithm
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6.3 gggdddÚÚÚ���)))¤¤¤���{{{���`̀̀zzz���{{{ééé'''¢¢¢���(Con-
trast experiment between free gait generation al-
gorithm and the optimized algorithm)
�?�ÚïÄgdÚ�)¤�{�gdÚ�`

z�{)¤Ú��­½5,A^ü«�{3�Ó�
¢�^�e?1
é'¢�. ¢�L§¥�Å¤?
//!Ð© �G�±9$Ä�Ýþ�Ó.�Åì
<Ð© �G��(1, 4, 3, 5, 2, 6),±1(u/Tos)��
Ý3²"//þ$Ä�,A^gdÚ�)¤�{�
gdÚ�`z�{)¤�50���±Ï� �G�
9�A­½üþ©OXã11–12¤«. lã11�±
wÑ,�æ^gdÚ�)¤�{�,Åì<g$Ä�
©B±7���±Ï���Ú�±Ï�±ÏÚ�$
Ä,��L§�²þ­½üþ�3.832 dm. ã12¥,

Åì<A^Äu²þ­½üþ�gdÚ�`z�

{,Åì<²17���±Ï�gdÚ�N��Ó�
Âñu±ÏÚ�,Åì<3N��ã�²þ­½ü
þ�3.933 dm,�ugdÚ�)¤�{�²þ­½
üþ,�´3­½$Ä�ãÙ²þ­½üþp�
4.021 dm.

nþ¤ã,gdÚ�)¤�{�gdÚ�`z
�{þ�3²"//þ)¤­½�Ú�,�TÚ�
²eZ��±ÏN��þÂñu±ÏÚ�,ÎÜ)
Ô3²"//þ¥y±ÏÚ��$ÄA:. ¢�(
JL²,gdÚ�)¤�{�gdÚ�`z�{þ
�)¤3�½§ÝþÎÜ)Ô$ÄA:�­½Ú

�,�Äu²þ­½üþ�gdÚ�`z�{)¤
Ú��­½5���ugdÚ�)¤�{.

ã 11 gdÚ�)¤�{)¤����±Ï� �G���A­½üþ

Fig. 11 States generated by free gait generation algorithm and corresponding stability margins

ã 12 gdÚ�`z�{)¤����±Ï� �G���A­½üþ

Fig. 12 States generated by optimized free gait generation algorithm and corresponding stability margins
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7 (((ØØØ(Conclusions)
�©l8vÅì<và;,�lÑz\Ã,K

ÜCPG�.����.�Ø%g�,ïá
lÑz
Ú��.,(Ü­½5©Û,�ï
Åì<­½�
 �G��m,òÚ�5y¯K�±Ün=z,J
Ñ
�«#�gdÚ�)¤�{,¿Äu²þ­½
üþéT�{?1
`z. ÏLnØ©Û�¢�ï
Ä�ÑXe(Ø:

1) lÑzÚ��.�°(£ãÅì<1rL§
¥�v �G�,¿ÏL�½ �G�m�=�5
K�Ú�±Ï��©?n,ò���.�CPG�.
�KÜ,T�£ãÚ�)¤Ån,�°[��)Ô
Ú�C½Ä:.

2) Äu­½� �G��m� �G�m�=
�5K,8vÅì<E,�Ú�5y¯K���{
z�êÆ¥{ü�^Sûü¯K,=­½� �G
��m¥ �G�m�üS¯K,ÏL�½�A�
üS5K�[)ÔÚ�)¤Ån,�5yÑ´Lp
���)Ú�.

3) gdÚ�)¤�{U
¢yÚ��gd=�
��±Ï5Ì�,Ù�Ï3u?u0Ò ��và
��Å/=��| ��?¿ �,�0Ò �¬
�X$Ä�Ý�Cz
Cz,l
��Åì<$Ä
L§¥Ú�ëê�Ä�N�.

4) gdÚ�)¤�{��â�½��Ý�¦)
¤­½�Ú�,(ÜN�Å�,�pÝ���½�
Ý,¿¢yÅì<$Ä¥�Ý�Ä�N!. Åì<
�ü�L§�3����±ÏS�¤,ü�Ø¬K
�Åì<�­½5;Åì<\���UI�Ú\ü
�N��!,��\���¬K�Åì<�­½5.

5) (Üvà��,gdÚ�)¤�{�3�þ
lÑ:¥(¹À�k�áv:,)¤­½�Ú�±
·AØÓ//,
�U
¦Åì<ª�°Ý�Úå
�æN.

6) ¢�(JL²,gdÚ�)¤�{�gdÚ
�`z�{þ�)¤3�½§ÝþÎÜ)Ô$ÄA

:�­½Ú�,�Äu²þ­½üþ�gdÚ�`
z�{)¤Ú��­½5���ugdÚ�)¤�

{.
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