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Abstract

In thispaperwe studya roboticsystemmoving in a verti-
caldirectionmimickinga cat’sbehavior asa catkicksawall
to jump up to a roof, which may be anefficient mechanism
for vertical movementandthe robot systemcanbe consid-
eredas one of the prototypesfor SuperMechanoSystems
(SMS).Concept,modeling,controllerdesign,simulationand
experimentalresultsarediscussed.

1. Intr oduction

Catssometimesjump towarda wall andkick it to get
to a higher-placelike a roof (Fig.1), andcanmove in
a vertical directionasa result,andthe motion seems
to beveryskillful andefficient. Consideringthemove-
mentfrom aviewpointof constraints,aroboticsystem,
which realizesthe motion to changeits configuration
accordingto theposition(on theground,kicking with
oneleg, in theair, etc),canbeconsideredasoneof the
prototypesfor Super-MechanoSystems.

Ourpurposein thispaperis to analyzeandconstruct
a control law for a real machinemimicking the cat’s
motion. In theconsideredrobotic system,the robotic
motion is assumedto be constrainedin the sagittal
planeto maketheproblemsimple.

In section2, thedynamicequationof the systemis
derived,andin thefollowing sectiona controlmethod
will be discussed.In section4, we will show some
simulationresults.Finally we will show someexperi-
mentalresultsandfuturework will bediscussed.

2. Modeling

2.1. Systemstructur e

Eventhougha realcattwists its bodyafter jumpingto
getto ahigherplace(theroof), werestrictthejumping-
motionin thesagittalplanein thispapersothatwecan
analyzeandconsiderfundamentalcontrolproblems.

In order to realize the motions, jumping from the
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Figure2: Roboticsystem

groundto awall andfrom thewall to theroof, wecon-
sidera 7-link robotasin Fig.2 Thefeatureof thesys-
temcanbesummarizedasfollows.
Therobothas

� 6 rotationalactuatorsat it’ s joints,

� whenthe toemakescontactwith the floor or the
wall, it is assumedthat thereis no slip between
thetoeandthecontactpoint alongthesurfaces.

2.2. Modeling

Thewholesystemis dividedinto two 4-link seriallinks
at pointX(Fig 3) virtually, anda holonomicbodycon-
straint
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to keepthebodyasonestraightlink

is introduced.



As generalizedcoordinatesystems,we use

�������� � ���	��������� �!�"�#��$%�����'&(�"�#��)+*,� (1)� �-���� � - �.� - �"� - �#��� - $(�"� - &(��� - )+*,� (2)� � ��� � �� � � �- *0/ (3)

Thoughthesecoordinatesystemsareredundantand
the systemdescriptionbecomescomplex, the advan-
tagesareasfollows:

1 A 4-link dynamicequationis simpler than a 7-
link one and we can usethe sameequationfor
eachlink,

1 this coordinatesystemis very useful for judging
the timing of switchingtheconstrainton the toe,
whichwill bementionedlater.

For the following discussion,Jacobianof the body
constraintis definedasfollows:2
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Figure3: Roboticsystemandcoordination

2.3. Variable constraints

We assumethat enoughconstraint force is exerted
whenthe toe makescontactwith the groundor wall,
andholonomicconstraints4�P�7 � �.QSR 2�T 8 ��= areintro-
ducedaccordingto thestateof thesystem,wheremode
is anindex thatindicatesthestateof thetoe’scontact.

For example,whenonly thehind toe is constrained
to thefloor or wall, 4�P�7 � �UQSR 2%T 8 becomes

4�P%7 � �.QVR 2�T 8 � � -XWZY[-�\+R!]�^ 3� - W�_ - \+R!]�^ 3 � (5)

andwe cancalculatetheJacobian,as
2
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The problemhereis how we can judge the mode.
Theanswerlies in theunderstandingof theconstraint
force a P (Fig4). In thecaseof toebeingontheground,a b is a horizontalconstraintforce and a c is vertical
one,andif the a c is equalto zeroandtheacceleration
upwardis positive,theconstraintshouldvanish(a �S= )
andtoecanmove upward.Whenthetoeis onthewall,
switchingtiming dependson the aed viseversa.
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Figure4: Constraintforce

2.4. Dynamic equation

The dynamicequationfor the systemwith the redun-
dantcoordinatesystemsis consideredin this section.
Ignoring the constraint,two 4-link manipulator’s dy-
namicequationsaredescribedasg 7 �'8�h�ji 4k7 <� � �'8 <�Miml 7 �%8 �Sn � (7)

where

g � g � == g - � 4 � 4 � == 4 - �
l � l �l - � nX� n �n - /

In order to changepositionconstraintto acceleration
constraint,we differentiate(4) and(6), andin orderto
keeptheconstraint,constraintforces,9 �6 a`6 , and 9 �P aeP
areintroduced,andfollowing simultaneousequations
areusedto expressthesystemincludingall constraints:g 7 �'8�h�ji 4o7 <� � �'8p<�jiVl 7 �%8 �qn W 9 �6 ae6 W 9 �P aeP �

(8)

9 6 h� � W <9 6 <� � (9)

9 P h� � W <9 P <� / (10)

From theseequations,acceleratingvector h� , and
constraintforces a 6 and a P canbe calculated.There-
fore, constraintforceandaccelerationcanbe usedfor
judgingthechangeof themode.

Collision with the wall or other things is assumed
to beperfectlyinelastic,andthestatewill shift to that
of theunderconstraintjust afterthecollision which is
modeledaseffectsof impulseforces.



3. Controller Design

Sincetheinitial configurationis very importantfor the
robot’s jumpingmotion,it is determinedby stochastic
dynamic manipulability measure. For dynamiccontrol
of the robot’s jump, we payattentionto themotionof
thecenterof massmainly, andtheproposedmethodis
derived as if the centerof the gravity is moved by a
springconnectedto a virtual wall.

3.1. Stochasticdynamic manipulability measure

Figure5: Realizableaccelerationfor thecenterof mass

Thereexists a lot of possibleposturesof the 7-link
robotbeforethe jump, andit is not easyto determine
whatkind of poseis suitablefor the jump. Therefore,
we usea measureto decidethe position for jumping,
i.e.,stochastic dynamic manipulability measure, which
evaluatesanexpectedrequiredtorqueto realizethede-
siredacceleration.

Sub-optimalconfigurationfor the jump from the
groundandfrom the wall basedon the stochasticdy-
namicmanipulabilitymeasurecanbedeterminedby a
numericaloptimization.

In anotherwords, at first we determinethe pose
which easilyachievesthedesiredaccelerationandan-
gular acceleration,and the robot is set to the posture
beforethejump.

Let’s assumethat, 7 �sr �	� r 8 and � 6 indicatethecoor-
dinatesof thecenterof mass,andangleof thebody, re-
spectively. By eliminatingtheconstraintforce a from
thesystemdynamics,we have

n;tu� g t h�ji 4 t <�Mivl t � (11)

where
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For this descriptionof thesystem,stochasticdynamic
manipulabilitymeasureis definedas
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where

� �	� : Stochasticdynamicmanipulabilitymeasure�
: Weightmatrixindicatesthedirectiontoaccelerate

9%{ : Jacobianmatrix.

To determinethesub-optimalconfigurationwith re-
spectto themeasureunderthe constraints,� �.� is up-
datedby thefollowing iteration:
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where ¥ � is basisof ¬ TU­ 7 9 { 8 . If we usethe iteration
and « is a semi-positiveconstant,

� �.� is increasedas
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3.2. Jumping control

Only jumpingwith bothlegsor with only thehind leg
is mentionedhere. Whenthecat is in the air, we just
adoptfeedbackcontrol so that the postureof the legs
convergesto a desiredonedeterminedbeforehandby
theabove method,which is readyfor thenext jump.

In orderto derive a proposedcontrolalgorithm,we
re-describethesystem,andwepayattentionto thecen-
ter of massandthe body’s angle. Using a coordinate
changefrom � to �swk�²� ��r �.� r �"� 6 * , thesystemcanbe
expressedas

h�xwy�:³ 7 � � <�'8 n iv´ 7 � � <�'8 � nµ�z� n �� � n �- * � � (18)
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and 9 { is the tangentialmap of the coordinatetrans-
formation. For the systemrepresentation,h� w is deter-
minedso that themotionof themasscenterfollows a
simplemass-springmodel.

3.2.1. Jumpingwith bothlegs
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Figure6: Model matching1

· }U¸.¹ : Desiredangularacceleration� }!¸.¹ : DesiredangleT
: Normalunit directionalvector¬ : Coefficient of thevirtual springº
: Lengthof thevirtual springg
: Massof thevirtual body

Thedesiredaccelerationof thebody h� }!¸.¹ �y»S¼ ° is,
asshown in Fig.6,determinedsothat thevirtual mass
concentratedto themasscentermovesasif it is pulled
by a strongspringstuckto thewall, anda desiredan-
gular accelerationof body h� }U¸.¹ ° »½¼ is designedto
rotatein thedesireddirectionas

h� }U¸.¹ � h� }U¸.¹ �h� }U¸.¹ ° (19)

� ¾�¿� T
= i À<· }!¸.¹ W ¬ÂÁ�7 <� 6 W · }!¸	¹ 8 � (20)

where
T

is aunit vectortowardthedesireddirectionfor
jumping,and Ã is a vectorfrom the centerof massto
thewall alongto theline from the toeto thecenterof
mass,and

º ��Ä T � ÃÆÅ indicatesthe spring’s length.¬ Á is anappropriatefeedbackgain.

Becauseof the redundantsystem,n is selectedto
minimizethefollowing criterionfunctionas:

9 �jÇ � ® � w 7 ³Gn W ´ W h� }U¸.¹ 8�®�°Èi ¢É n � �ªÊ n � (21)

where

� w �
Ë = == Ë == = Ì

� (22)

and Ë � Ì arepositiveconstants,and
� Ê

is anappropri-
atepositive weightmatrix.

3.2.2. Jumpingonly with thehind leg
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Ã : Normaldirectionalvectorof thespringÃ�Î : Modified unit vectorfor desireddirectionÍ : Modifying ratio of thedirectionT Î : Normalunit directionalvector¬ : Coefficient of thevirtual springº
: Lengthof thevirtual springg
: Massof thevirtual body

After themotionwith thetwo legs,thefront leg will
naturally lift. In order to control the centerof mass,
only the hind leg’s actuatorsaremainly used,andas
it is difficult to controlall of the threedegreeof free-
dom,thespring-massmodel is modifiedto control the
bodyangleindirectly First, Ã is determinedasa direc-
tional vector by connectingthe toe andthe centerof
mass,then,it is adjustedto a directionalvector ÃeÎ due
to thesignof theerrorof theangularvelocity by Í as
follows:

Ã Î � Ã W � = � Í ^UÏ'] 7 · }U¸.¹ W <� 6 8 * � (23)

and,desiredacceleration� }U¸.¹ is determinedby

h� }U¸.¹ � � ¾�¿� T Î= � (24)
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� t is alsochangedto
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As in theprevious method,n - is determinedto mini-
mizethefollowing criterionfunction:

9 ° Ç � ® � t 7 ³Gn W ´ W h� }!¸.¹ 8"® ° i ¢É n � � Ê n � (26)

wheren;Ñ is determinedlocally.

4. Simulation

In order to examine the validity of the proposed
method,we conductednumericalsimulationsof the
jump for a model of an experimentalsystem. In the
optimizationandthesimulations,itis assumedthatthe
fore leg andhind sub-systemshave thesameparame-
ters.

4.1. Poseoptimization

Weobtaineda sub-optimalposture,usingthestochas-
tic dynamicmanipulabilitymeasurefrom someof the
initial posesby a gradientsearch.Oneof the results
is shown in Fig.8 and Fig.9. By the procedure,the
manipulabilitymeasureincreasedby about20%,from^ �.� �SÒ Ó / Ô to ^ �	� ��Õ'Ò / Ö .

4.2. Cat jumping with kicking a wall

In thesimulation,we assumedthata wall is locatedat�µ� W = / Õ [m], andtheroof at � ��= / Ö [m].

For thevaluesof controlparameters,we used¬ �Ó�='= [N/m], · � W Õ'= � ­p×e2 Ð ^�* , andwhenthe cat jumps
from the floor to the wall, we set · � WMØ ='=5� ­p×e2 Ð ^!* ,
from the wall to the roof. Sincethereis no system-
atic rule to determinethevalueof parameters,they are
determinedby trial anderror.

As shown in Fig.10thesequenceof thejumpingmo-
tion is shown. It is shown that the roboticcat jumped
up to a roof at y=0.5[m] after kicking thewall with a
rotation.

5. Experimental Results

In orderto checkthevalidity of theproposedmethod,
weconstructedanexperimentalsystem.
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5.1. Systemconfiguration

Wedesigneda 7-link roboticcatshown in Fig.11.The
systemconfigurationof the whole systemis given in
Fig.12. The following describesthe details of the
roboticsystem.

Since motorsare too heavy to be installed in the
robot,power of theactuatorsis suppliedfrom outside
by wires (Fig.13),andtheweightof thewiresis com-
pensatedfor by a counterweight.

The position and the angleof the toe is measured
by the CCD camera. In order to measurethe angles
of the joints, potentiometersare usedsinceencoders
of the motor are uselessdue to the extensionof the



Figure11: Catrobot
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Figure12: Systemconfiguration

wire. Becauseof thewiresextension,therearea lot of
time delaysin thewire system.In orderto control the
anglein suchabadcondition,slidingmodecontrolare
introducedas,

n � � W ¬æåUç�è�éëê ^.Ï'] 7	ì � 8 � (27)

ì � � <T { i a�å!ç�è�é�ê T { � (28)

where
T { � � W � � and a is a positive constant.

Furthermore, we introduced strain-gagesin the
wire system betweenmotors and the body of the
cat to measurethe equivalent torquesexerted to the
joints(Fig.15),sincethe power appliedby the motors
is lost dueto friction in the wire system. Tensionof
thewire is measuredusingthebendingdeformationof
aplatestretchedfrom bothsides(Fig.16).

Usingtheinformationfrom thestraingage,a minor
loopcompensationis constructedas,

n � n � W ¬ÂíMî¡ï�ð } ^UÏ'] 7	ì ° 8 � (29)

ì ° �
�
ñ T Ê 2�3 � (30)

where,
T Ê �½òn W n � , òn is themeasuredtorque.
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Figure13: Motor andwire system

Figure14: Potentiometer

5.2. Learning control

Theproblemdueto thetimelossanddisturbanceof the
wire systemis too serious,it wasdifficult to applythe
proposedmethoddirectly, thereforethe learningcon-
trol [6] is appliedasfollows.

In the   -th trial, theslidingsurfaceis modifiedas

ì � 7 3 8 � <T { 7 3 8xi a T { 7 3 8xiªó î!7 3 8 � (31)

whereó î indicatesthelearningtermwhich is updated
by thefollowing algorithm.

ó îõô � � ó î W Í î.ö
7 � � W � î 8 � (32)

where,ö is a learningfilter, � î is theexperimentaldata
of the   th trial, and Í î is positive coefficient. The de-
sired angle � � is determinedbasedon the simulation
data.(Seethedetailsin [6].)

Oneof the resultsis shown in the Fig.17. It is ob-
served that the output of the latter trial is obviously
improved.

6. Conclusionand Futur eWork

We proposeda jumpingmethodof a roboticcatusing
spring-massmodel matching,and we conformedthe



Figure15: Straingagesystem
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effectivenessof thecontrollaw by simulation,in which
the robotic cat could jump towardsthe wall and land
on thewall. For it’ s initial postureevaluation,we used
stochastic dynamic manipulability measure.

In order to realizethe real robot, VSS control and
learningcontrol wereappliedandmuchprogressare
conformed. But the jumping hasnot completedyet,
andfuturework shouldinclude:

1 completionof thejumpingwith therealrobot,

1 learningcontrolin thetaskspace,

1 realizationof a 3D catrobot,anddevelopmentof
thecontrolinto thethree-dimensionalsystem.
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