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A Constructive Approach to the Principles of Emergence of Dexterity  
in Sports and Robot Movement 

Yoshihiko KAWAZOE, Yuto TAKANO, Masaki MITSUOKA and Masamichi NAKAGAWA 

Saitama Institute of Technology. Graduate School of Engineering 
Fusaiji 1690, Fukaya-si, Saitama, 369-0293 Japan 

There is no robot around us in our society at the current stage and also there will be no robot in the future if we 
define a robot as a machine working in the arena of offices, homes, and disaster sites, etc. outside the factories and if we 
continue the present conventional research and development style in robot projects. Also in sports, moving body parts 
around a fixed joint is very popular, but it seems to limit one's power, whereas more power can be generated and the 
strain on the body is lessen by using the entire body without twisting motion and not resorting to just the fixed joint. 
This paper proposed the approach for realization of robust physical movements based on distributed control of physical 
body in humanoid biped robots and in sports, which uses only small active power making full use of equilibrium 
instability as a source of driving force with simple state transition. Making postures simultaneously by using the entire 
body produces natural movements. It can be applied to movement of physically handicapped person, rehabilitation, 
sports, and so on. 

Key Words : Dexterity, Physical Movement, Humanoid Biped Robot, Sports, Robustness, State Transition, Constructive 
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       t=0.00[s]              t=0.10[s]              t=0.20[s]              t=0.30[s]             t=0.40[s] 

     
       t=0.50[s]              t=0.60[s]              t=0.70[s]              t=0.80[s]             t=0.90[s]  

 Fig.1 Right side step with kick of ground by left leg.(250 fps)  
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       t=0.00[s]              t=0.10[s]             t=0.20[s]              t=0.30[s]             t=0.40[s] 

    
       t=0.50[s]              t=0.60[s]             t=0.70[s]              t=0.80[s]             t=0.90[s]  

� � � � � �  � Fig.2 NANBA side-step of humanoid biped robot, which uses only small active power.  
� � � � � � � �    Right side step without kick of ground. (250 fps) 
 

                       State 1                State 2                          State 1            State 2  
  Fig.3 Two states of right side step with kick of ground     Fig.4 Two states of right side step without kick of ground 
 

 
 Fig.5 Side step without kick during backhand stroke by K. Rosewall 15) 
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Fig.6 Proposed nonlinear optimal control applied to humanoid biped robot walking. 
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Fig.7 Example of nonlinear optimal control by Rufus Oldenburger. 
  

  
              (a)                                          (b)  

Fig.8 Servomotors configuration and the State of right side step using instability without kick of ground 
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              � � � (a)�                           (b) � � � � �    � � � � �       � (c)  

Fig.9 Measured operaring characteristics vs. operating time setting for objective operating angle of 90 de-grees.  
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Fig.10 Measured operaring characteristics vs. operating time setting for objective operating angle of 180 degrees.  

 

  � �  State1                 State2    � � � �       State3           � �  State4  
Fig.11 Four States of NANBA Walk and Run of biped robot with 10 freedom legs (GENBE - No.4-2007] 

 

     
  0.000 s      0.033 s     0.067 s      0.100 s     0.133 s      0.167 s      0.200 s     0.233 s     0.267 s     0.300 s 
  State 2                                                                         State 3 y

  0.333 s      0.367 s      0.400 s      0.433 s      0.467 s    0.500 s      0.533 s     0.567 s      0.600 s     0.633 s  
Fig.12 State transition from State 2 (Statically stable) to State 3 (Statically unstable), falling down to the ground. 

 

 

(0)t=0.00s  ((1)t=0.02s  ((2)t=0.04s  ((3)t=0.06 s  ((4)t=0.08s  ((5)t=0.10s   ((6)t=0.12s  ((7)t=0.14s  ((8)t=0.16s 
Nearly State4                                            NNearly State1          NNearly State2

 

(9)t=0.18s   (10)t=0.20s ((11)t=0.22s  ((12)t=0.24s  (13)t=0.26s  ((14)t=0.28s ((15)t=0.30s ((16)t=0.32s  (17) t=0.34s 
Nearly State3            NNearly State4  

Fig.13 NANBA dash Z36.5 cm/s, 6.58 steps/s]of.biped robot (GENBE No.4-2007). It takes only 0.3 seconds for 2 steps. 
 
> 12E�> 11-ÆÇ�§mn 2+,�ÆÇ�§mn 3Zmn 1/J1]NAÅqrxO-Ñu�Í¢-l6
@«Jb/T-6�u�[t-Í¨6jqcmn 3E�ÆÇ��§mn�+,¸WN¿aK1Rc{-··GE
C¿qr@�C¿qr¸NÆÇ��§mn 4NAÅqr{/N�lC¿J�1G7Rc 
> 11-mn>Nk1K�> 9-­4�P4Ä¨¬ö»6Y1�mn 1,36¨¬åM 3�mn 2,46¨¬åM 4 N
xÇJbËÌ-u�[tZò� 340 mm� 	 1.3 kg]-�«+�Z� 27-¨5©�]@> 13G�rc�«-
v[�>ÝE 6.58 steps/s�¸ø>ÝE 36.5cm/sG�rc 
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  > 14E,?ª@7«v[�>ÝZ7Ô/E],ªª@¸ø>Ý-@ABG�r.J�H¡=Ý<4ÄZmn]G¨¬
åM-xÇB6³�bZ­4�P4Ä->Ý6³�b]ËÌ-+�G�rcv[�>ÝNn�JK¸ø>Ý@Þ

JK1r.  
> 15 E�(a) Ñu�Í¢G4�,abmn 2 -H¡/ (b) > 16Nk$r@`-�lNk$rmn 2N�%q
rH¡6noJK1rc@`-¨TGE�­4�P4Ä>Ý->1¨¬åM 3�¨¬åM 4 GEtiO��-b
��@eO¾@, �7«@¬R�l�Ñu�Í¢�l-¨TNE��K1�1@�C¿J�1G�r{/6j

JK1rc 
> 16E�­4�P4Ä¨¬åMNVqr¸çH¡=Ý-@ABG�rc̈ ¬åM@ 5�l£%+R�r/�̈
¬åM@%1fg¸çH¡@�TR��K1rc·b�> 17E�­4�P4Ä¨¬åMNVqr7«(Stride)G�
l�¸øÅ¨vw-@AB+,SeJb£-G�rZ3×-�­/�ùj®6jq]c¨¬åM@+�l%R��
K£7«@á�JKk, �̈ ¬åM-ä%N++¡, �f¯J¦-7«N��K1rc> 17Nk1K�̧ ø

>Ý@v[�>ÝNn�qr{/E7«@³¡,�1{/6Áâqrc¦W�> 13N�r/�xÇ¨¬åM@%
R�r/�¢�¨¬=Ý@°÷J�¨¬>Ý@¢R�l�Ñu�Í¢gkl1@�@,�R�rE G�rc�

xÇ¨¬åMG-7T5�l-±<Â²³O´N�r/�xÇ¨¬åM@%R�r/1@eONE¾@,�1@�

¸çH¡N�l¸WyqS�K1r{/@¡+�bctiO��-b�N1@eO¾@,�RK£�7«@@\

¶NEá�J�1G�v[�>ÝNn�JK¸øqrcJ+£�J�mn>ZH¡]<4ÄGv[�>Ý�$6

³�r�$Gµ¶·-¸ø>ÝG7T5�rcb�J�{a,-u_�t�¨TN¸íqr·GNEmn>ZH

¡=Ý]-¾ÇNÖ«mj/��/¹>�6{�/qrc 
  > 18E�u�[t@> 13/J�Ñu�Í¢G�º-»5¼¾6ÛÉ->ÝG�rºP6jq(25)c}~�Nk

lJ�1àê6ý,�17T5�lG�l���-��£��1c{-�2Ný,�1GÛµ�C¿�6�Yq

rmnAÅN�r/��õ-½7-ü�¾��¿|��r1EÀw�g-¹º�ÁÂGu_�tN7«5�«q

r(26)c 
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     � �    �  
(a) State 2 in program�  (b) Nearly State 2 in reality  

Fig.14 Forward speed vs pitch speed of biped robot.  Fig.15 Difference between States of program and actual movement. 
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     Fig.16 Forward leaning angle vs Time setting                      Fig.17 Stride vs. Time setting 
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}~-�T�ÁÂZÎ4Ã[t]GE�u�[tE7«#-�»�¯tiO��-b�NRm�-~·Ï@ü

Nß�JKÃ�++�K�TR×CJbl�RWNç�JKC¿Jblqr{/@¹1c{-�2�ËÌE�R

m�Ï@üNß�J�1�2N�State2/ State3-MN�State2-H¡GRm�Ï6�J¾ïbmn6uJRÄ¯
qr{/N�l�> 19-�2N�~· T¯q1ÅÆ5}~-�T1Î4Ã[t¾6klN7R{/@GTrc�
}~@�TRKÃ�++l¯q1Î4Ã[t¾G-7«@> 19(a)�}~@�`RKhl¯q1üG-7«@>
19(b)G�l�f¯J�7«>ÝG¸øqr(27)c 

 

  

 
Fig.18 Robustness of humanoid biped robot GENBE who runs on the ice and snow 9 steps during 1.50 seconds. 

 

          

   t=0.000[s]      t=0.100[s]      (t=0.188[s])      t=0.200[s]      (t=0.248[s])      t=0.300[s]       t=0.400[s]      (t=0.488[s])      t=0.500[s]      (t=0.568[s])     (t=0.596[s]) 

 Nearly State 0                  Nearly State 1                  Nearly State 2    Nearly State 3                  Nearly State 4                  Nearly State 5   Nearly State 6  
(a) on the carpet with large friction 

           

  t=0.000[s]      t=0.100[s]     (t=0.188[s])     t=0.200[s]    (t=0.268[s])    (t=0.296[s])     t=0.300[s]      t=0.400[s]     (t=0.488[s])    t=0.500[s]      (t=0.564[s])    (t=0.596[s])

Nearly State 0                Nearly State 1                Nearly State 2  Nearly State 3                              Nearly State 4                Nearly State 5  Nearly State 6  
(b) On the desk with slippery surface  

Fig.19 Robustness of humanoid biped robot who walks and runs everywhere (GENBE-2008) 
 

4.� îÇÈ¨�-ÉÊ/mnAÅN�rkl�¨T-ìp 

��> 20E��ÁNRW+,É`ab6�7«u�[t@�C¿6pÊJ�C¿å-Ë�6¢�¸Nqr�2N|
$|6J�C¿JbRN��RÀú¾@r¨¬-mn>G�rcu�[t-qSK-��6JåDEN¨+JK�

¨T6ÌÔqrîÇÈ¨�6ÉÊJKmnZH¡]6<Uqr{/N�l> 21-�2�kl�¨T@ìpqrc
{-ËÌE�ÍxN�l6$bAv¹>­4(e)G¸WÎ/-vw-åMHOB6ÏeJ(f)�C¿-ÐÑ6JK1
rcÑu�Í¢E­Î­>Ñ9U>¶�©(e)6ÒYJK1r(28)c 
> 22E�u�[t-)(Ól-mn>G�rc> 23E@«�G�r(29)cmn 1Nk1Kmn 2-H¡6~R
r/�C¿�6�YJK¸WN¿aK1T�1@¾-(Nßàqrcmn 2Nk1Kmn 3-H¡6¬r/�

1@=R/JåN�1@(N¾@rc1(6� 1EG(�@�GE 5()Å¯+NÔlTrc|�ò�6��b�Õ
�¨TG�l���-u�[t/E\@��rcu�[t-ËÌE�)(ÓlNnSr/�)(ÖlEEr+N

×ØG�r@Ùê-ÚÌGÛÜqrc 
� > 24E��ÆÇ6�YqrIM¶�WèCõ-y%G�l,�16¸NeJK¸çG�1N B6Ý´bmn
Zmn 1]+,
16¸NeJbmnZmn 2]NAÅqr{/N�l�> 25�> 26-�2N�X-ËGIM¶
N
×lN 180ÝWèCõqr(30)c 
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(a) State 1 (throw back the head)  (b) State 2 (crouching posture)� (c) State 3 (rising posture)     (d) State 4 (Upright)   

 

Upright
posture

Shock Avoid Shock-Avoid

Upright
posture

PSD

Servo motor

Center-
Sensor

(*1)
S   :Shock Avoid > Upright Posture

S
(*1)

 
            (e)                                (f)                                 (g) 
Fig.20 Four states (a)–(d) for realizing autonomous shock avoidance during falling down owing to being pushed from 

backside and instantaneous rising of biped robot based on distributed control of physical body. (g): Subsumption 
Architecture. 

 

  �   
  (a) t=0.68 s  �   (b) t=1.12 s  � �   (c) t=1.24 s     � (d) t=1.36 s   (e) t=1.52 s     (f) t=1.64 s 

     
 (g) t=1.76 s     (h) t=1.88 s     (i) t=1.96 s     (j) t=3.04 s      (k) t=3.20 s     (l) t=3.72 s  

Fig.21 Simple autonomous shock avoidance during falling down and instantaneous rising of biped robot GENBE-No.5-2005 
utilizing instability. It takes only 2.5 seconds. 

 

      
State 1 State 2 State 3 State 4 State 5 State 6  

Fig.22 Six states of GENBE-No.4 with 10 freedom legs for going up the stairsZGENBE-No.4-2006]. 
 

    
  (b) t=0.999 s             (c) t=1.33 s              (d) t=1.66 s               (e) t=1.99 s            ((f) t=2.33 s  

    
 (g) t=2.66 s              (h) t=2.99 s             (i) t=3.33 s                (j) t=3.66 s            (k) t=3.99 s    

    
(l) t=4.33 s      �        (m) t=4.66 s             (n) t=4.99 s             (o) t=5.33 s                (p) t=5.66 s    

� � � � � � Fig.23 Going up the stairs of Biped robot with 10 freedom legsPGENBE-No.4-2006Q. 
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� front view   side view� � � front view   side view 

�        
  front view   side view� � �  front view   side view �

(a) state 1               (b) state 2  
Fig.24 Two states of 180 degrees NANBA TURN. 

   
     (a) t = 0.000 s           �  (b) t = 0.627 s            (c) t = 0.990 s             (d) t = 1.254 s  
 

   
     (e) t = 1.815 s             (f) t = 2.013 s              (g) t = 2.178 s� �         � (h) t = 2.343 s   
                           (f) nearly state1 

   
    (i) t = 2.508 s             (j) t = 2.673 s             (k) t = 2.838 s               (l) t =3.003 s 
� � � � � � � � � � � � � � � � � � � � � �                                � (l) nearly state2  
Fig.25 NANBA TURN based on distributed control of physical 
body. It turns instantaneously 180 degrees per second. 

   
   (l) t=0.268 s          (m) t=0.318 s�         � (n) t=0.368 s           (o) t=0.418 s  

   
    (p) t=0.470 s          (q) t=0.522 s         (r) t=0.574 s        (s) t=0.634 s  

Fig.26 NANBA TURN based on distributed control of physical body. It turns instantaneously 180 degrees per second. 
 

  > 27E�2~Þ´+,-(ÕT¾@l.G�rZ¸ß-¨TEÛÜ]c£ÀKÞ´-�2N®6µïK@�r
-GE�R�à®6|�-�Nhl�·´K+,|�6¬ú¾ï�ÕT¾@r/TN B(ká)6RmNÅ¨`
´��»�N�rRWy-C¿�6�YJK1rc> 28E�(âè$.+,(2~Þ´.6�K-(ÕT¾@l.
-@pG�rc(âè$.+,(2~Þ´.y-¨TE�16ã�JK1-C¿�6�YJK|�6âè$+,2

~Þ´N?C`´K1r(31)c 
 

(a)t=0.48s     (b)t=0.60s      (c)t=0.72s    � (d)t=0.84s� � � (e)t=0.96s      (f)t=1.08s� �  (g)t=1.20s  
(a)Nearly State3              (c)Nearly State4� �    � � � (e)Nearly State5 

 
  (h)t=1.32s� �  (i)t=1.44s      (j)t=1.56s     (k)t=1.68s      (l)t=1.80s� � (m)t=1.92s       (n)t=2.04s 
� � � � � � � � � � � � �  (j)Nearly State6� � � � � � � � � � � � � � � � � �     (n)Nearly State7  

Fig.27 From prone position to rising up using gravitational force. 
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   (a) t=0.00s     (b) t=1.00s      (c) t=2.00s      (d) t=3.00s�    (e) t=4.00s       (f) t=5.00s      (g) t=6.00s       (h) t=7.00s 

   (i) t=8.00s     (j) t=9.00s      (k) t=10.00s      (l) t=11.00s    (m) t=12.00s     (n) t=13.00s    (o) t=14.00s      (p) t=15.00s  
         Fig.28 From face up position to prone position and rising up using gravitational force. 

 
  > 29E�Ñu(äOt:å�Nk$r�<6�7«u�[tN�r±4�ÓÍ[����(c)Nk$rÐOu
_[t¶�¨T-CU�6jqc{a,-Ûæ«¨EîÇÈ¨�-ÉÊ/çè�©È(d)N�r(32)c 
 

 

      t = 38.57 s              t = 38.77 s             t = 38.97 s              t = 39.17 s              t = 39.37 s  
(a) Walking with 5steps per second 

 � � �
� � � � � � 0.000 s� � � � � � � � � � � � 0.333 s                  0.667 s                  0.999 s� � � � � � � � � � � � � � 1.33 s 

� � � �  
        1.67 s                    2.00 s                 2.33 s                   2.66 s                    3.00 s 

 � � �
        3.33 s                  3.66 s                   3.99 s                    4.33 s                    4.66 s     

(b) Falling down the beach flag pole in acrobatical way 
 

      
                      (c)                           � � �         (d) 

Fig.29 Presentation of autonomous robot behavior in the beach flag robot contest in a class. 
 

5.� ���	��RS 

� > 30E�> 24�> 26ZIM¶�>_5Ä4>]-XYG�rcmn> 3+,mn> 4y¦ªNAÅqr/>
RKt�-�ré13Ù�-��>�Z_[OP>�5�tu4O�0.3E]@C·arcÒ6ê,�1G�<-
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qSl6�Yqr-G�Òy-��@++,�1(30)c 
� > 31E�3Ù�-;94ÎNk1Këìíî­®@Ò4Ä[�5s4�6�,ab/T-
y-?Å¨-ºP
6jqc¨TF�r/TN��Gýr¨¬@C�Kkl��Ä4/@�J¢aK1rc 
> 32Eï8-��-ÓOÐP>��> 33EZÙÚJK1�1@]ï8@��qr�>_5ÓOÐP>��>

34EN~-mn>G�r(30)c|�ò�6JåDE¶N¨+q{/N�l®ëúN�lNRR�a�G£��>�

@éR>R�ÆÇJ¯q1cmn 1E�®Ñ;4L4-�4i-ðé¯�\N�l¾·l�mn 2Eg{Nëú
b1+N��K¾·r-G��4i6ñ��ùÄ�T>��$6Á¼qa��1c> 35EÂ4Ñ>�Ä>�+,
-ÓOÐP>�-��G�rc 
 

      
 (a)t=0.00s � (b)t=0.08s  (c)t=0.16s   (d)t=0.24s�  (e)t=0.32s � (f)t=0.40s   (g)t=0.48s
 (a) State3� � � � � � � �  � � � � � � � � � � � �     �           (g) State4  

Fig.30 Robust NANBA backhand-stroke of biped robot , which uses only small active power. (250 fps) 
  

      
     0.000 s         0.033 s            0.067 s           0.100 s           0.133 s           0.166 s 

      
    0.199 s           0.233 s           0.266 s            0.299 s          0.333 s            0.366 s  

(a) 

     
    0.000 s           0.033 s           0.067 s            0.100 s            0.133 s           0.166 s 

     
    0.199 s           0.233 s           0.266 s            0.299 s            0.333 s            0.366 s  
                                               (b) 

Fig.31 Side step during receive a served ball by T. Suzuki. 
 

      

     0.0 s          0.1 s           0.2 s           0.3 s           0.4 s           0.5 s         0.6 s  
                               Fig.32 Conventional forehand-stroke by KAWAZOE.  
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     0.0 s          0.1 s           0.2 s           0.3 s           0.4 s           0.5 s         0.6 s  
� � � � � � � � � (a) NANBA forehand stroke proposed by Kawazoe (Proto-type1) 

      

     0.0 s          0.1 s           0.2 s           0.3 s           0.4 s           0.5 s         0.6 s  
� � � � � � � � (b) NANBA forehand stroke proposed by Kawazoe� (Proto-type 2) 
Fig.33 Robust instantaneous NANBA forehand-stroke utilizing instability, which uses only small active power. 

�
� � � nearly state 1� � � � � � nearly state 2�  � � � �

�  
� � � nearly state 1� � � � � nearly state 2�   

�        � � (a)� (Proto-type1)� � � � � � � � � � � � � � � (b)� (Proto-type 2) 
� � � Fig.34 Two states of NANBA Forehand strokes proposed by Kawazoe. 

      
   0.0 s         0.1 s         0.2 s         0.3 s         0.4 s         0.5 s         0.6 s  
Fig.35 Open stance NANBA forehand-stroke proposed by Kawazoe, which uses only small active power. 

     
 (a) t = 0.000 s    (b) t = 0.0627 s   (c) t = 0.0990 s   (d) t = 0.125 s    (e) t = 0.1.82 s    (f) t = 0.201 s   

Fig.36 Forehand-stroke during receive a served ball by K. Date Krumm. 
 

� > 36E�¢Q-Oi¢òíóP­®-;94ÎNk1KÏÄ4>5s4�6��b/T-ÓOÐP>�G�rc
> 33�> 35-�>_5ÓOÐP>�NQ1�2N³�rc¢Q-3Ù�-pËGE��<6=+´KÛ#Gô
�6qr­®@¹R³,arc  
 

6.� �TU� 

� §¨NE¸l�1¹º»@�rc2Ø�K�6\�r{/-no»E�Rp,aKkl�q-rsE°>6µ

�rfg-t�6ìqr@�q@J��KuõN�6\�r·GNvw/åM@++l�ªx@Grc`,N�

q-y%-ËÌE31z��l@{��b�N|�6}�r{/@¹1@�|�ò�62·R~lÌ¡´K��

r�2N�r/|�-�x�N++r��@��RKqù/12HI@�rc 
��	GE���-u�[t��/��4���Nk$r§¨-CUy%-���6HIJ��U�¶�ÐÑ



�

������ (No.11-2) Dynamics and design Conference 2011 CD-ROM�	
 [2011.9.5-9��
�] 
- 15 - 

u4�N�rkl�¨T-CU�-��/1R~+-��6jJ�§¨@g-�2N��`ar-+N~1Kf

ñJbc�ò�N#l@�1�2NIåNmnZH¡]6<UJK�mn+,mnN¦ªNAÅqr{/N�l

>`/u_�t»6Cùc 
u�Ù=5Îi[O�@�õJbçè�©6¬~u�[tEj^`ar{/£¹+�b@(21),(33)�¢QE�ö÷

u�[t-(i>_.¯øùyì�úpËNû,abüýÐ�u�[tþ�-(�[O�[t.N�l¦^N£

p,ar�2N��bcJ+J���GE@sJK1r��8E8�K�ÔG�l�à�-�ÔpËG��-u

�[t@Þ�GT�1�T�%Ü-�/~GE�1�m2+c(�%E¬r{/X-£-Nk1K�r./12�
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