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Flight: Descent

Compression Thrust

Liftoff

Landing

Escape

Flight: Ascent Flight: Descent

1. 2.

3. 4.

5. 6.
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Y

Z

Forward travel

Pitch axis

Tail

Thigh

Shin

Foot

Toe

Body

All rotations are measured with the right hand rule:
the pitch arrow shown is a positive rotation around the 
Y axis. All angular measurements are made from the 
reference position shown on the right. The Z origin is
the ground.

Hip joint

Knee joint

Ankle joint
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Arrows denote velocity vectors

Ball With Horizontal
         Velocity

Time

Ball Bouncing
   Vertically

Time
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Arrows denote velocity vectors

Hopping in place

Time

Forward hopping
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;*C7>)U[9iO�;=B ��F�B5l=9[;*9[BZL ;=B�;*C7>);SHq�t>GB ��F�B5l=9[;*9[BZL�aw�nC79zRSCQJ*>@k5479[J*>@l�HKF7F7U[]t9<L7Y�;=BZJ�k547>@l�;=CIHK;��	9[U<U
J*Bd;SHq;*>);=C7>�6�Bp?p]t� ��47J(l|BZU[47;*9[BZL�;=B�;=C79zlEF7J*Bd67U<>G8"9zlE;*BA9<LIRsU[4�?p>:H:;SHq9<U�;*B�RsBd47Lp;=>GJ*6IHKUTHKLIRs>
;*C7>�U[>`Y�8:BZ;=9<BdLW�

� C7>�C7BdF7F79<L7Y:8�HZRsC79[L7>@lNF7J=>G}t9[BZ4Il|U<]�RsJ*>@Hq;*>@?�Hq;n;*C7> x >GY x Hq6 HKJ=>(}�>GJ*]yl|9[8j9<UTHKJ�;=By;=C79zl
9z?p>@HqUwC7BZF7Ff>GJ`�G<IJ*Bd8�;=C79zlnl=;�HKJ=;*9[L7Y�F�Bd9<L7;`a���>�RGHqL�l|]tLt;*C7>@l|9 
G>�H:?p>@l|9<YdL�OgBZJ�H)C7BdF7F�>GJn�	9[;*C
J*>G}�BZU[47;*> � BZ9[Lp;�l�aI;=CIHK;�9zl�a � BZ9[Lp;�l!;=CIHK;�J*Bd;SHq;*>)9<LIl|;=>@HZ?�BqO�U[9<L7>@HqJ*U[]Ql|U<9T?p9<L7Y7� � Om��>�hIJ�l|;E8:BZ}Z>
;*C7>:Rs>GL7;=>GJEBqON8yHdl*l�Hq6�Bd}5>�;=C7>)U<>GY � BZ9[L7; ��;*C7> ����L7>G>
� �Saw��>�Yd>G;�;=C7>�hIJSl|;�8yHZR�C79<L7> � � ��L7>
� Bd9<L7; � ��l|C7BZ�nL�9[L <�9<Yd47J*>#%q�*^@_p� � C7>�;*>GU[>@l�RsBdF79<L7YoF�BZJ=;*9[BZLABqO�;*C7>�U<>GYo9zlnl|C7BK�nLeHZl�H � HKYdYZ>@?
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;*C7>�Rs>GLt;*>GJ�BqO�8�HZl*l�at;=C7>�U<>GY��	9[U<U�674IRs�tU[>5� � O��n>��Z>G>GF�;=C7>��tL7>G>�BdLA;*C79zlXU<9[L7> ��;=C7>�;*Bp>G� 7 ��P
U<9[L7> ��?p47J*9[L7Y�O�BZJ=�EHqJS?�C7BZF7F79[L7YMaW;*C7>j6IB7?p] �n9<U[UmF79<;�RsC\OgBZJ*�nHqJS? HZl�;=C7>j�tL7>G>:8jBd}K>@l�HqU<BdL7Y
9<;�l�;=JSH � >@Rs;*BdJ*]t� � Bel=BdU<}�>�;=C79zl�aw�n>jRGHqL�Hd?7?�H � Bd9<Lp;�HK;(;*C7>:6�B7?p] ��;=C7> �*C79<F � ��;*B�YZ9[}t>)4Il
HKL7Bd;*C7>GJN?p>GYdJ*>G>�BqOfO�J*>G>@?pBd8Qa��	C79TRSC�9zlm;=C7> � � ��B � Bd9<L7;��E8yHdRsC79<L7>Z� � B�>GU[9<8:9<LIHq;*>	;*C7>�U[9<L7>@HqJ
l|F7J*9[L7YMa���>�RGHKLjJ*>GF7UTHZRs>�;=C7>�U<9[L7>@HKJNl|F7J*9[L7Y)�n9<;=CAH�;*BdJSl|9[BZLIHqUwl|F7J*9[L7YoHKLI?jHKL7BZ;=C7>GJ � BZ9[Lp; ��;=C7>
� HqL7�tU[>
� ��abHK;��nC79zRsC�F�Bd9<Lt;/��>	CIH�}Z>	RsJ*>@Hq;*>@?�;=C7>  �L79[J*BpB�8j9[L74Il�9[;Slm;�HK9[U ��;*C7> � � C7J*>G> � Bd9<Lt;��
8yHdRsC79<L7> ���
� ;�9zlEFIB�l*l|9<67U[>�;=B�?p>G}t9Tl|>jl|9[8jF7U[>)RsBZL7;=J*BdU�UTH@�El	;=B�8yHq�t>�;=C7>�9z?p>@HqU�C7BZF7FI>GJ�C7BdF � ��HK9 S.8�� �

��L7>�Cp]�F�Bd;*C7>@l|9zl	BqO�;*C79Tl	>G{tFI>`J=9<8:>GL7;n�nHZl�;*CIHq;E;=C7>@l|>)RsBZLp;=J*BdUwUzHq�El�RsBd47Uz?�6�>�4Il|>@?�O�BdJE;=C7>
 �L79[J*B�B�67] RsBZLIl|9z?p>GJ=9<L7Y�;*C7> ��}t9[J*;=4IHKU	U<>GY �\�	C79TRsC�>G{�;*>GLI?7l)O�J=BZ8�;*C7>67 ��P ;*B�;=C7>Q;*Bp>Za
�	C79TRsC�9TlE9<8:FMU[>G8j>GLt;*>@?�6t]e;=C7>�;*C7J=>G>�U[>GY�U<9[LM�pl�� � C79TlE}t9<J=;*4IHqU�U[>GY�9TlEHKL�9T?p>@Hy;*CIHq;�R`HqL U<>G;
4Il!F7J=BZYdJSHq8 ;*C7>�;*C7J=>G>(U[9<L7��U<>GY:;=B:>G8)47UzHK;=>�;*C7>�9z?p>@HKU[9�
G>@?AC7BZF7FI>GJ�� l!;=>GU<>@l*RsBZF79[L7Y:U<>GY7� � C79zl
8yHq�t>@l�HqU<U!;=C7>e8�HZRsC79[L7>@l�9<L�;*C7>�8yHdRsC79<L7>y>G}ZBZU[47;*9[BZL�CIHq}K>�RsBZLIRs>GF7;*4IHqU<U[] l|9<8j9[UzHqJ�}t9[J*;=4IHKU
U<>GY5l��

��>���BZ47UT?:U[9<�Z>�;=B:HqF7F7U<]);*C7>�9T?p>@H(BqO�H�}t9[J*;=4IHKU�U<>GY�;*Bo;*C7>  �L79<J=BpB�U[>GY:l|9[LIRs>��	>	HqU<J=>@HZ?p]
CIHK}K>oHjF7J=BZ}K>GL RsBdLp;=J*BdU�8:>@RSCIHqL79zl|8 ;=BARsBZL7;=J*BZU�;*C7>�9T?p>@HKU�C7BdF7F�>GJG� � C7>�L7>G{t;�k547>@l|;*9[BZL 9zl�a
�	CIHq;(>G{bHZRs;=U<]Q9Tl�8:>@HKL7;�67]\Hy}t9[J*;=4IHKUmU<>GY04 � ;�9zl�;*C7>�l=>G;�BKONO�BZJ�Rs>yRsBdLI?p9<;=9<BdLIl�;=CIHK;�?p>shIL7>
;*C7>�9z?p>@HqUw8jBp?p>GU�aI�nC79zRsCeHqJ*>�;=C7>GL�9[8jF�B5l|>@?�67]y;*C7>�F7C7]bl|9zRGHqUfU[>GYM� � C7>�8:Bp?p>GU�9Tl!;=C7>�9z?p>@HqU
C7BZF7FI>GJ`a�HKLI?�9[;�9[8jFIB�l|>@l�;=C7J*>G>�RsBZLI?p9[;*9[BZLIl�� <�9<J�l|;`a�;=C7>�O�BZJ�Rs>jFIHqJSHqU<U[>GU�;=B�;=C7>jU[>`Y����:HZRs;�l
?p9<J=>@Rs;*U[] BdL�;=C7>�Rs>GLp;=>`J(BqOn8�HZl*l��n9<;=C7BZ47;(9[8jF�B5l|9<L7Y�HKLt] ;=BZJ�k547>@l�BdL�;*C7>:6�Bp?p]t�y35>@RsBdLI?�a
;*C7>�l|F7J*9[L7YeOgBZJ�Rs>�9Tl�9[L�;*C7>�� � ?p9[J*>@Rs;=9<BdL�HqLI?�9zlEF7J*BdF�BdJ*;=9<BZLIHqUm;*BA;*C7>jU[>GY�U<>GL7Yd;*C�� � C79[JS?�a
;*C7>�O�BdJSRs>�BdJ*;=C7BZYdBZLIHqUw;*B:;=C7>(U[>GY��	�nHq;n;*C7>�;=B�>(F7J=B7?p4IRs>�lnH);*BdJSkZ47>�Hq;E;=C7>(C79[F��

<�9[YZ47J=> %K�*^d^�l=C7Bd�El�HQJ=>GF7J*>@l|>GLp;�HK;=9<BdL�BqOn�nC7>GJ*>yBd47J  	L79<J=BbB�}t9[J*;=4IHKU/U<>GY�>G{t9Tl|;Sl�� � ;(9Tl
?pJSHq�	L ;=B\l|C7Bd� ;*CIHq;�;=C7>jU[>GY\J=>GF7J*>@l|>GLp;�l�H�RsBZLI?p9[;*9[BZL�BqO�O�BdJSRs>@loHdRs;*9[LMY�6I>G;*��>G>GL ;*C7>y;=B�>
HKLI?�;=C7>jRs>GLt;*>GJ�BKON8�HZl*l�� � ;�9Tl�?pJ�HK�nL HZl�H�l=F7J=9<L7YA;*B�9[U<U[4Il|;*JSHq;*>);=CIHK;�9[;�CIHdl�RsBd8jF7U[9zHqL�Rs>Za
HKLI?�9[;E9Tl�?pJ�H@�	L Hdl	6�>G9[L7Y�?p9[J*>@Rs;=>@?\;=C7J*Bd47YZC�;=C7>)�tL7>G> � Bd9<L7;n;=B�9<U[U<4Il|;=JSHK;=>�;=C7>�}�9<J=;*4IHKUWU[>GY
RsBZLphIYd47JSHq;*9[BZLe�	>�CIHq}K>�R�C7B�l|>GL��

� C7>GJ=>jHqJ*>)8�HKLp]�F�B5l�l|9[67U<>�}�9<J*;=4IHKU�U<>GY�RsBdLphIYZ47J�HK;=9<BdLIl�O�BdJ�;*C7>  �L79[J*BpBM�#M%l|9[8jF7U<>�BZL7>
CIHZl�;=C7>�l|9[L7YZU[>�RsBZLI?p9[;*9[BZL�;*CIHq;X;=C7>n��L7>G>�J*>G8�HK9[L�BZLjH�U[9<L7>!6�>G;���>G>GLo;*C7>	;*B�>	HKLI?o;=C7>�Rs>GLp;=>GJ
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Virtual leg is shown
as broken lines.

<�9[YZ47J=>!%q�*^Z^d�n3tR�C7>G8yHK;=9zR�BKOmH �E9<J=;*4IHqU x >GY

F

Fp

o

Fo

Fo

Fp

Fp

Assume rigid
 hip joint.

Assume massless
   leg.

Zero torque at knee.

Point contact assumption:
assume zero torque at toe.

<�9[YZ47J=>!%q�*^�%p� <IJ=>G> r BM?p]�DE9zHqYZJ�HK8 BqOG �F7F�>GJ r Bp?p]�HKLI? x Bd�/>GJ x >`Y
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L

Given: no torques
 applied at either end.

Equilibrium guarantees that
the forces will be equal.

The forces will be proportional
 to the angular displacement
 of the torsional spring, which
 is a function of L.

r

<�9[YZ47J=>!%q�*^�2p� <IJ=>G> r Bp?p]eDE9THKYZJ�HK8"BqO�35C79[L�HqLI?H<IB�Bd;

BKO/8yHZl*l�� � C79zl�RsBZLphIYd47JSHq;*9[BZL�F7J=Bp?p4IRs>@l 
`>GJ=B�;*BdJSk547>:Hq;�;*C7>)�tL7>G>Z� <�9[YZ47J=> %K�*^,%y9Tl�H:O�J*>G>
6IBM?p]:?p9zHqYZJ�HK81;*BoC7>GU<F�9[U<U[4Il|;*J�HK;=>�;=C79zl�� x >G;N4Il/HZl*l|478j>�;=CIHK;N;*C7>	U<>GYo9zlm8�HZl*l|U<>@l*l�abHqLI?�;*CIHq;
;*C7>)FIBZ9[L7;�RsBZL7;�HZRs;nBdL�;=C7>�YdJ*BZ47LI? RGHqL�F7J*B7?p4IRs>�L7B�;=BZJ�k547>�BZL ;=C7>�;*Bp>Z����9<}t>GL�;=CIHK;GaM;*C7>
hIJSl|;n}�9<J=;*4IHKU�U<>GY�RsBdL�?p9[;*9[BZLeJ*>@kZ479<J=>@l!;*CIHq; � �(HdRs;�HKU[BZL7Y�H)U[9<L7>�O�J=BZ8 ;=C7>(;=B�>(;=B:;*C7>�Rs>GL7;*>GJ
BKOW8yHdl�l�� � CIHK;N�	9[U<U�6�>�l*HK;=9zl hI>@?�9[LeHKL7]:RGHZl|>�l|9<LIRs> � � 67]j?p>shIL79[;*9[BZLA9Tl!?p9[J*>@Rs;=>@?AHKU[BZL7Yo;*C7>
}t9[J*;=4IHKUmU<>GY7a�6747;�9iO!;*C7>:�tL7>G>y9zl(HKU[BZL7Y�;*C79Tl�U<9[L7>Za � � �	9[U<U/6�>y?p9[J*>@Rs;=>@?�;=C7J*Bd47YZC�;*C7>:�tL7>G>Za
HKLI? ;*C7>GJ=>j�n9<U[U�6�>jL7BA;*BdJSk547>:;*J�HKLIl|8j9[;*;=>@?�HK;(;=C7>j�tL7>G>Z���E9[}t>GL ;*CIHq;�;*C7>GJ=>yHqJ*>:L7BQ��L7>G>
;*BdJSkZ47>@lGab;=C79zl	9Tl	H:l|9[8jF7U[>(}t9[J*;=4IHKUWU<>GY�;*B:8�HK9<L7;�HK9[L��

� C7>�l|>@RsBZLI?�RsBd8jFIBZL7>GL7;NBKO�BZ47J�}t9[J*;=4IHKUwU[>GY�?p>shIL79<;*9[BZL\l=;�HK;=>@l!;=CIHK;n;=C7>)l|F7J*9[L7Y)O�BZJ�Rs>(9Tl
9<Le;=CM> � � ?p9<J=>@R�;=9<BdL�� <�9[YZ47J=>!%q�*^�2�9<U[U<4Il|;*J�HK;=>@l!;=CIHK;�;=C79zl�9zl�l*HK;=9zl hI>@?A67]�;=C79zlnRsBZLphIYd47JSHK;=9<BdL��
� O�;*C7>GJ=>QHqJ*>�L7B
;=BZJ�k547>@l:Hq;�;*C7>��tL7>G>�BZJ�;=Bb>Zam>@k5479[U<9[6MJ=9<478�RsBdLIl|9z?p>GJ�HK;=9<BdL�lj?b9TRs;SHq;*>�;*CIHq;
;*C7>jOgBZJ�Rs>@l�HK;�>G9<;=C7>GJo>GLI?��n9<U[UN6I>y>@k54IHKU�HKLI? ?p9<J=>@Rs;*>@?�O�J=BZ8 ;*B�>y;=B��tL7>G>Z� � O�;=C7>GJ*>y��>GJ=>
HyO�BdJSRs>j9[L�;*C7>:BZJ=;*C7BdYZBZLIHqU/?p9<J=>@Rs;*9[BZL�aW;*BdJSk547>:>@k5479<U[9<67J=9<478 �	Bd47Uz?�L7Bd;o6I>yl*HK;=9zl hI>@?�� � C7>
;*BdJSl|9[BZLIHqUWl|F7J*9<L7Yo9<Le;*C7>�HKL7��U<>�F7J=BM?p4IRs>@l�H);*BdJSkZ47>(6I>G;*�/>G>GLA;=C7>�l|C79[LeHKLI?A;*C7>�O�B�BZ;!;*CIHK;N9zl
F7J*BdF�BdJ*;=9<BdLIHKUW;*B�;*C7>)HqL7YZU[>(6I>G;*��>G>GLA;*C7>G8�ab�	C79TRsCA9zlEH�Og47L�Rs;=9<BdL�BqO x � � ��9zl	>@kZ4�HqUw;=By;=C79zl
;*BdJSkZ47>�?p9[}t9z?p>@?�6t]��pa7HKLI?AC7>GL�Rs>�9zlnH�O�47LIRs;*9[BZLeBKO x �

� C7>�;*C79[JS? RsBZ8:F�BdL7>GL7;oBqO�;=C7>y}t9[J*;*4IHqU!U<>GY 9zl)L7Bd;�>G{tF7U[9zRs9[;*U[] l*Hq;*9Tl�hI>@?�9[L�;=C7>= 	L79<J=B�B
9<8:F7U<>G8:>GL7;SHq;*9[BZL�� � CIHq;(9zl�aw;*C7>GJ=>j9Tl�L7B\l|FI>@Rs9ihfR)8j>@RsCIHKL79Tl|8 ;*B�F7J=BZYdJSHq8 ;=C7>jC79[F�aw�tL7>G>Za
HKLI?�HqL7�tU<>\;=B
>G{t>GJ=;A;=C7> HqF7F7J*BdF7J*9THK;=> ;=BZJ�k547>@l�;*B�RsBZ47F7U[> H�O�BZJ�Rs> � �j;*B ;=C7>Q6�Bp?p]�� � L
O HdRs;`ab;=C7>(;=BZJ�l|9<BZLIHqUWl|F7J*9[L7Y)�n9<U[UW?p> �I>@Rs;n�	C7>GL � � 9Tl�HKF7F7U[9<>@?�aMl|B:;*C7>GJ=>(�n9<U[Uw6I>�H)�t9[L7>G8yHq;*9TR
?p9 ��>GJ=>GLIRs>n6I>G;*��>G>GLo;*C7>N9T?p>@HKUp}t9<J=;*4IHqUtU[>GY�HqL�?(;*C7>  �L79[J*B�B�U[>GYM� � L:F7J�HZRs;=9zRs>ZaK;=C7>N8yHqYZL79[;*4I?p>
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M�lX?pJSHq�	L�a@;*C7>!9z?p>@HqU<9 
G>@?oCMBdF7F�>GJ�CIHZl�L7B�>GL7>GJ*Yd]�9<L7F747;�BZJ�RsBdLp;=J*BdU aZHqLI?o9zl�H�RsBd8jF7U[>G;*>GU[]
FIHZl*l|9[}t>�?p>G}t9TRs>Z� <IBdJ�;*C79Tl!;*B��!BdJ*��at;=CM>�C7BZF7FI>GJn��BZ47UT?�CIHK}K>�;=B:J*Bd;SHq;*>�RsBd8jF7U[>`;=>GU<]�HqJ*Bd47LI?
47L7;*9[U�;=C7>yU<>GY��EHdl�9[L�>G{pHZRs;*U[] ;=C7>jJ*9[YZC7;�F�B�l|9[;*9[BZL�Hq;oUTHKLI?p9[L7YMaWU<9[�t>:HeJ=9<8:U<>@l*l��	C7>G>GUm�n9<;=C
BZL7U[] BdL7>�l=FIBZ��>Z���nO�RsBd47JSl|>Za�;=C79zlol|9<;=4IHK;=9<BdL�9Tl)H�hfRs;*9[BZL�� <IBdJ(;*C79Tl�C7BdF7F�>GJ�;*B�O�47LIRs;*9[BZL�a
HKL >GL7>GJ=YZ]�l=Bd47JSRs>)�	9[U<U�CIH@}5>�;=B�6�>�F7J=Bq}t9z?p>@?e9<L ;*C7>)l|F7J=9<L7Y�;=B�J=>@l=;=BZJ=>�6�Bd;*C�}�>GJ*;=9zRGHKU�HqLI?
C7BZJ=9�
GBdL7;SHqUw�t9[L7>`;=9zR�>GL7>GJ=YZ]�U<B�l|;�;*ByOgJ*9TR�;=9<BdL�a�HKLI? Hy8:>�R�CIHKL79Tl|8 8)4Il|;�6�>)9<8:F7U<>G8:>GL7;*>@?A;*B
J*>@l|;=BZJ=>�;=C7>nU[>GY�O�J*Bd8%;*C7>�U[9iOg;*B ��F�B5l|9<;=9<BdL:;=B�;*C7>�UTHKLI?p9[L7Y�F�B5l|9<;=9<BZLy?p47J*9[L7Y�;*C7> �I9<YdC7;�F7CIHdl|>Z�
<I47J*;=C7>GJ*8:BZJ=>Za�8:BZ}�9<L7Y�;=C7>yU<>GY�O�BZJ=�nHKJ�?�?p47J*9[L7Y �I9<YdC7;��	9[U<U�HKF7F7U[]
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VAX 11/785

Sun Workstation

320C30 DSP computer
on board robot

320C30
  DSP

16K x 32
Static RAM

16 Channel
12 bit A/D
 Converter

4 channel
12 bit D/A
converter

Unibus Interface

T
o 

S
en

so
rs

To Actuators

Bus Buffer
on board robot

Long Bus

(~30m)

Operator’s
Console

EtherNet

<�9<Yd47J*>$%K�*^,;b� 7/Bd8jF747;*>GJ	D�Hq;SH <�U<Bd�
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qd_z < 0
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