Jumping Cat Robot with kicking a Wall
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Abstract

In this papemwe studyaroboticsystemmaving in averti-
caldirectionmimicking a cat’s behaior asa catkicks awall
to jJump up to a roof, which may be an efficient mechanism
for vertical movementandthe robot systemcanbe consid-
eredas one of the prototypesfor SuperMechanoSystems
(SMS).Conceptmodeling,controllerdesign simulationand
experimentaresultsarediscussed.

1. Intr oduction

Catssometimegump toward a wall andkick it to get
to a higherplacelike a roof (Fig.1), andcanmove in
a vertical direction as a result, and the motion seems
to bevery skillful andefficient. Consideringhemove-
mentfrom aviewpointof constraintsaroboticsystem,
which realizesthe motionto changeits configuration
accordingto the position(on the ground,kicking with
oneleg, in theair, etc),canbeconsiderecsoneof the
prototypedor SuperMechanoSystems.

Ourpurposeén this paperis to analyzeandconstruct
a control law for a real machinemimicking the cat’s
motion. In the consideredobotic system the robotic
motion is assumedo be constrainedin the sagittal
planeto makethe problemsimple.

In section2, the dynamicequationof the systemis
derived,andin the following sectiona controlmethod
will be discussed.In section4, we will shov some
simulationresults. Finally we will shav someexperi-
mentalresultsandfuturework will bediscussed.

2. Modeling
2.1. Systemstructure

Eventhougha real cattwistsits bodyafterjumpingto
gettoahigherplace(theroof), werestrictthejumping-
motionin thesagittalplanein this papersothatwe can
analyzeandconsideffundamentatontrol problems.

In orderto realizethe motions, jumping from the
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Figure2: Roboticsystem

groundto awall andfrom thewall to theroof, we con-
sidera 7-link robotasin Fig.2 Thefeatureof the sys-
temcanbe summarizeasfollows.

Therobothas

e 6 rotationalactuatorsatit’sjoints,

e whenthe toe makescontactwith the floor or the
wall, it is assumedhat thereis no slip between
thetoeandthe contactpointalongthe surfaces.

2.2. Modeling

Thewholesystenis dividedinto two 4-link seriallinks
at point X(Fig 3) virtually, anda holonomicbodycon-
straintCy(¢q) = 0 to keepthe bodyasonestraightlink
is introduced.



As generalizeatoordinatesystemsye use
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Thoughthesecoordinatesystemsareredundanand
the systemdescriptionbecomescomple, the advan-
tagesareasfollows:

e A 4-link dynamicequationis simplerthana 7-
link one andwe can usethe sameequationfor
eachlink,

e this coordinatesystemis very usefulfor judging
the timing of switchingthe constrainton the toe,
whichwill be mentionedater.

For the following discussion Jacobiarof the body
constrainis definedasfollows:

$0a) = Ba)i = 0. (o) = 22

)

(xr,yr) (Zr.Yr) |

Figure3: Roboticsystemandcoordination
2.3. Variable constraints

We assumethat enoughconstraintforce is exerted
whenthe toe makescontactwith the groundor wall,
andholonomicconstraints”, (¢, mode) = 0 areintro-
ducedaccordingo thestateof thesystemwheremode
is anindex thatindicatesthe stateof thetoe’s contact.

For example,whenonly the hind toeis constrained
to thefloor or wall, C\,(¢q, mode) becomes

__ |zr — XRconst
Culamode) = 70—l g)
andwe cancalculatethe Jacobian,as
d 0C%(q)
- Y v = 07 JL = 6
7 Cv(@) = Ju(a)d (q) 4 (6)

The problemhereis how we canjudgethe mode.
The answetlies in the understandingf the constraint
force\, (Fig4). In thecaseof toebeingontheground,
A, is a horizontalconstraintforce and ), is vertical
one,andif the )\ is equalto zeroandtheacceleration
upwardis positive, theconstrainshouldvanish( = 0)
andtoe canmove upward.Whenthetoeis onthewall,
switchingtiming depend®nthe )\, viseversa.
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Figure4: Constrainfforce
2.4. Dynamic equation

The dynamicequationfor the systemwith the redun-
dantcoordinatesystemds consideredn this section.
Ignoring the constraint,two 4-link manipulators dy-
namicequationsaredescribeds

M(q)i+ C(4,q)q+ G(q) =, 7)
where
. |MFp 0 _|Cr O
M = { 0 Mg\’ C= { 0 Cr|’

Gr TF
G = |:GR:| LT = L’R .
In orderto changeposition constraintto acceleration
constraintwe differentiate(4) and(6), andin orderto
keeptheconstraintconstrainforces,J! \,, andJI A,
areintroduced,andfollowing simultaneougquations
areusedo expresghesystenincludingall constraints:

M(q)i+ C(d,q)i+ G(q) =7 — Jf X — T} A,

(8)
Joi = —Jpd, 9)
Joi = —Jyd. (10)

From theseequations,acceleratingvector ¢, and
constraintforces )\, and\, canbe calculated.There-
fore, constraintforce andacceleratiorcanbe usedfor
judging the changeof themode.

Collision with the wall or otherthingsis assumed
to be perfectlyinelastic,andthe statewill shift to that
of the underconstrainjust afterthe collision whichis
modeledaseffectsof impulseforces.



3. Controller Design

Sincetheinitial configurations veryimportantfor the
robot’s jumpingmotion,it is determinedy stochastic
dynamic manipulability measure. For dynamiccontrol
of therobot’s jump, we pay attentionto the motion of
the centerof massmainly, andthe proposednethodis
derived asif the centerof the gravity is moved by a
springconnectedo avirtual wall.

3.1. Stochasticdynamic manipulability measure

Figure5: Realizableacceleratiorfor the centerof 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 measureo decidethe positionfor jumping,
i.e., stochastic dynamic manipulability measure, which
evaluatesanexpectedrequiredtorqueto realizethede-
siredacceleration.

Sub-optimalconfigurationfor the jump from the
groundandfrom the wall basedon the stochastialy-
namicmanipulabilitymeasureanbe determinedy a
numericaloptimization.

In anotherwords, at first we determinethe pose
which easilyachievesthe desiredacceleratiorandan-
gular accelerationandthe robotis setto the posture
beforethejump.

Let'sassumehat, (z,, y,) andd, indicatethe coor
dinatesof thecenterof massandangleof thebody, re-
spectvely. By eliminatingthe constraintforce A from
the systemdynamicswe have

Ta = MyG+ Cog + G, (11)

where

.= qq.a Te = [l'g Yg eb]Ta (12)

and

M, = M,
Co=YC+JI'X 1,
G, =YG,

To = YT,

X=J.M L,

Y=I-J'M=J. M~

For this descriptionof the system stochastiadynamic
manipulabilitymeasures definedas
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(13)

Wsd =
(det[JquT] =0),
where

wsq: Stochastiadynamicmanipulabilitymeasure
W: Weightmatrixindicateghedirectionto accelerate
Jq: Jacobiammatrix.

To determinethe sub-optimalconfiguratiorwith re-

spectto the measuraunderthe constraintsw,g is up-
datedby thefollowing iteration:

. T
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dq
whereDyg is basisof Ker(.J,). If we usetheiteration
andk is asemi-positve constant}V,, is increaseds

6wsd (Z)

94 )TDqHQk > wsg(i).

(17)
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3.2.  Jumping control

Only jumpingwith bothlegs or with only the hind leg
is mentionedchere. Whenthe catis in the air, we just
adoptfeedbackcontrol so that the postureof the legs
corvergesto a desiredone determinedbeforehandy
the abose method which is readyfor the next jump.

In orderto derive a proposecdcontrolalgorithm,we
re-describghesystemandwe payattentionto thecen-
ter of massandthe body’s angle. Using a coordinate
changefrom ¢ to z. = [z, y4. 0], the systemcanbe
expressedis

Fo=Alg, Q)7+ Blg,q), 7=[ri. )", (18)



where

A=J,MY,
B=J,MY(Cy+ Go) — Jyg,
Y=I-J'M 7M1,
and J, is the tangentialmap of the coordinatetrans-
formation. For the systemrepresentationy. is deter

minedso that the motion of the masscenterfollows a
simplemass-springnodel.

3.2.1. Jumpingwith bothlegs
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Figure6: Model matchingl

wrep: Desiredangularacceleration
0,c¢: Desiredangle
e : Normalunit directionalvector
K : Coeficientof thevirtual spring
[ : Lengthof thevirtual spring
M : Massof thevirtual body

Thedesiredacceleratiorof thebodyi,.. 1 € R? s,
asshown in Fig.6,determinedsothatthe virtual mass
concentratedb the masscentermovesasif it is pulled
by a strongspringstuckto the wall, anda desiredan-
gular acceleratiorof body Z,..f2 € R is designedo
rotatein thedesireddirectionas

. _ Zi'rcfl
Ber = |5 19)
I 0
- | € ) 2
{ 0 } * L%f — Ko(0 — wref) +(20)

wheree is aunit vectortowardthedesireddirectionfor
jumping, andv is a vectorfrom the centerof massto
thewall alongto theline from the toeto the centerof
mass,and! =< e,v > indicatesthe spring’s length.
Ky is anappropriatdeedbaclkgain.

PSfragreplacements

Becauseof the redundantsystem,r is selectedto
minimizethefollowing criterionfunctionas:

. 1
Ji i= |We(AT — B — @rep)||? + 5TTWTT., (21)

where
a 0 0
We=1{0 a 0}, (22)
0 0 g

anda, 3 arepositive constantsandV.. is anappropri-
atepositive weightmatrix.

3.2.2. Jumpingonly with the hind leg
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Figure7: Model matching2

v . Normaldirectionalvectorof thespring
v’ . Modified unit vectorfor desireddirection
~ . Modifying ratio of thedirection

¢’ Normalunit directionalvector

. Coeficientof thevirtual spring

[ : Lengthof thevirtual spring

. Massof thevirtual body

After themotionwith thetwo legs, thefront leg will
naturally lift. In orderto control the centerof mass,
only the hind leg’s actuatorsare mainly used,and as
it is difficult to control all of the threedegreeof free-
dom,thespring-massnodelis modifiedto controlthe
bodyangleindirectly First, v is determinedasadirec-
tional vector by connectingthe toe and the centerof
massthen,it is adjustedo a directionalvectorv’ due
to the sign of the error of the angularvelocity by ~ as
follows:

v =0 —[0,vsgn(wrey — éb)]T (23)
and,desiredacceleration,.. s is determinedy
irefl = |: on :| ’ (24)
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andtheweightW, is alsochangedo

W
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As in the previous method,rr is determinedo mini-
mizethefollowing criterionfunction:

1
Jo i= |Wa(AT — B — &pep)||* + §TTWTT, (26)

wherery, is determinedocally.

4. Simulation

In order to examine the validity of the proposed
method,we conductednumericalsimulationsof the
jump for a model of an experimentalsystem. In the
optimizationandthe simulations,itis assumedhatthe
fore leg andhind sub-system&ave the sameparame-
ters.

4.1. Poseoptimization

We obtaineda sub-optimalposture usingthe stochas-
tic dynamicmanipulability measurdrom someof the

initial posesby a gradientsearch. One of the results
is shawvn in Fig.8 and Fig.9. By the procedure the

manipulabilitymeasurencreasedy about20%,from

Ssq = 37.6 t0 s, = 43.5.

4.2. Cat jumping with kicking awall

In the simulation,we assumedhata wall is locatedat
x = —0.4[m], andtheroof aty = 0.5[m].

For the valuesof control parameterswe usedK =
700[N/m], w = —40[rad/s], andwhenthe catjumps
from the floor to the wall, we setw = —800[rad/s],
from the wall to the roof. Sincethereis no system-
aticrule to determinethe valueof parameterghey are
determinedy trial anderror.

As shavnin Fig.10thesequencef thejumpingmo-
tion is shavn. It is shavn thatthe robotic catjumped
up to aroof at y=0.5[m] after kicking the wall with a
rotation.

5. Experimental Results

In orderto checkthevalidity of the proposednethod,
we constructedinexperimentakystem.
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Figure10: Simulationresult: Jumpkicking thewall

5.1. Systemconfiguration

We designeda 7-link roboticcatshavn in Fig.11. The
systemconfigurationof the whole systemis givenin
Fig.12. The following describesthe details of the
roboticsystem.

Since motorsare too heary to be installedin the
robot, power of the actuatords suppliedfrom outside
by wires (Fig.13),andtheweight of the wiresis com-
pensatedor by a countemweight.

The position and the angle of the toe is measured
by the CCD camera. In orderto measurghe angles
of the joints, potentiometersire usedsinceencoders
of the motor are uselesdue to the extensionof the
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Figure12: Systemconfiguration

wire. Becausef thewires extension therearealot of
time delaysin thewire system.In orderto controlthe
anglein suchabadcondition,sliding modecontrolare
introducedas,

(27)
(28)

Td — _Koutersgn(sl)-,

S = éq+)\outereqa

wheree, = ¢ — gq and\ is a positive constant.

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

Usingthe informationfrom the straingage,a minor
loop compensatiotis constructeds,

T = Td_KminOTSQn(S2)a (29)

t
/ e,dt,
0

where,e, = 7 — 74, T isthemeasuredorque.

Sy = (30)

Motor

—

Joint

Figure13: Motor andwire system
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5.2. Learning control

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

In thei-th trial, the sliding surfacels modifiedas

S1(t) = éq(t) + Xeg(t) + ui(t), (31)

whereu; indicatesthe learningtermwhich is updated
by thefollowing algorithm.

Uit1 = u; — YviL(qq — @), (32)

where,L is alearnindfilter, ¢; is theexperimentaldata
of theith trial, and~; is positive coeficient. The de-
siredangle ¢, is determinedbasedon the simulation
data.(Seethedetailsin [6].)

Oneof theresultsis shavn in the Fig.17. It is ob-
sened that the output of the latter trial is obviously
improved.

6. Conclusionand Futur e Work

We proposeda jumping methodof a robotic catusing
spring-masamodel matching,and we conformedthe



Figurel5: Straingagesystem
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Figurel17: Learningresult: Angle of thereartoe

effectivenes®f thecontrollaw by simulation,in which
the robotic cat could jump towardsthe wall andland
onthewall. For it’sinitial postureevaluation,we used
stochastic dynamic manipulability measure.

In orderto realizethe real robot, VSS control and
learningcontrol were appliedand much progressare
conformed. But the jumping hasnot completedyet,
andfuturework shouldinclude:

e completionof thejumpingwith therealrobot,
¢ learningcontrolin thetaskspace,

e realizationof a 3D catrobot,anddevelopmentof
the controlinto thethree-dimensionadystem.
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