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Abstract

New resultson the developmenbf adaptivesix-leggedwalking robotsand

their control systemsare presentedThe major part of the paperconsiders
force control for stepadaptatiorand control of body motion basedon the

information aboutthe main force vector acting on the vehicle. We devel-

opedandexperimentallytestedalgorithmsfor insertinganddrilling opera-
tions basedon the force control. Rectangulaand hexagpnal vehiclesare

considered.
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1. Introduction

A rectangulawvehicle("Masha")wasdevelopedt the Institutefor Mechanicsf the Mos-
cow StateUniversity and the Institute for Problemsof Information Transmissiornof the
RussianAcademyof Sciencegfig.1) [1]. A hexagonalehicle ("Mag") wasdevelopedat
the Fraunhofer Institute for Factory Operation and Automation (fig.2) [2].

Both vehicleshavesix legswith threepowereddegreesf freedomeach.The legsare
powered by electrical drives with gear reducer and are equippedwith joint angle
potentiometer sensors (position servosystem). Three-componentforce sensors are
mountedinto the leg shankstogetherwith the ampilifiers (fig.3). Each foot has three
passivedegreesof freedomand a tactile sensorto measurecontact with supporting
surfaces.The control systemof the robots consistsof lower and upperlevels[1,2]. The
body of the rectangularvehicle carriesa gyroscopicattitude sensorto measurehe pitch
and roll angles of the body.

The upperlevel of the control systemis supervisorylt prescribesuchmotion parame-
tersasgait pattern,track width, clearanceandthe locomotioncycle parametersThe po-
sition control systemenableshe computationof commandednotion of the leg tips and
positionalfeedbacko track this commandeanotion. Forcefeedbacks addedto the posi-
tional control system Besidethe computationof commandedorcesandleg positioncor-
rections,force feedbackimplementsa distribution of vertical and transversaforces, leg



sinkageduring soft soil locomotion.Algorithms are basedon the control principle of ac-
tive compliance [3-5].

2. Force control for step adaptation

For moving a vehicle overstructurederrainwe needanadaptatiorto a differentground
clearencdor each leg.The stepcycle mustbe modifiedin orderto geta correctground
contact. To get the ground contact information the foot force information is used.

While touchingthe groundthe foot force is rising in dependencen the groundproper-
ties: for rigid ground the force is rising quickly, for soft ground slowly. The ground
touchingphaseends,if the desiredfoot force distributionis reachedTogetherwith active
compliancewe get an adaptablestep.By analyzingthe foot force dependingon the foot
position an informationaboutsoil softnesscanbe evaluatedThis is neededo adaptthe
step cycle in the transfer phase for enough foot clearance.

A similar algorithm is usedfor obstacledetectionand crossing.During the transfer
phasethe touch detectionalgorithm is activatedin transferdirection. An obstacleis de-
tectedif the foot force reachesa predefinedvalue. At this momentthe foot should be
stopped.

Combiningthe obstacledetectionwith the active compliancethe foot beginsstopping
while the actingforceis rising andbeforethe force level for obstacledetectionis reached.
In this case a hard hit onto the obstacle is avoided.

An adaptedstepcycleis shownin fig. 4. The stepwasadaptedwith grounddetection
and active compliance During the transferphasean obstaclewas detected A corrected
transfer phase path was calculated to avoid the obstacle.

3. Force control by active accommodation

Control of moving body can be solved by meansaftrol basedon theinformationabout
the main force and torque vectors acting on the vehicle bothe ¢tommandedectorsof
linearandangularbody velocitieslinearily dependon the force andtorque,thenthe vehi-
cle body will move in accordancewith the "accommodation'or "generaliseddamping"
concept [6].

In this way canbe solved,for example the problemsof bringing a tool mountedon the
body of vehicleinto contactwith an object,whosepositionis unknown,andto maintain
this contactwith a specifiedclampingforce, or the problemof moving the tool alongthe
surface of an object whose shape is not known in advance.

3.1. Inserting operation

The position of the leg end is defined asR” = R+r®, whereRis radius-vectorof the
vehiclecentre, R” is leg endwith earth-fixedaxescorrespondingly;© is the endof i-th

leg with respect to the vehicle centre. Differentiation of this relation yields
drR® /dt=V +dr® / dt, where drR" /dt is the absolutevelocity of theleg end, v is the

vehicle velocity, dr®” /dt is therelativevelocity of the endof i-th leg. Body motionis,
obviously, defined by the supporting legs only, for with is (dR" /dt)=0, hence
dr® /dt) = -V . This equation may be rewritten in terms of projections on the body axes in
the following form



dr O /dt+xr® =V, (1)

where® is the absolute angular velocity of the robot body. Under given this relation
uniquely definesthe trajectoriesof legs in supportphase.Thus, a coordinatedcontrol
over the legs on the support phase enstineprescribednotion of thebody in termsof
its linear velocityv and angular velocity .

This approachs demonstratedor insertionof a tubewith the diameterd, into a hole of

anexternalobject. Thetubeis rigidly connectedo the body of a hexapodvehicle(fig. 5)
by a force sensor.lts axial directionis parallel with the OX, axis rigidly relatedto the

body with its origin in the body centre.The surfaceof the externalobjectis a funnel-
shaped hole with a diameter df> d, (see fig. 1).

In generalthetaskof insertingthe tubeinto a hole canbe solvedby motion of walking
robots' body along of six degrees of freedom. In our examplaadea simplificationand
solved this task only by planing the linear motion of the robots' body.

For the solutionof this problemwe useda methodbasedon the measuremendf reac-
tion force componentsiueto contactof thetubeto the funnel-shapedurfaceandmoving
the body of the robotin sucha way that the reactionforceswill be minimalized.Two al-
gorithmswere analysedThe first algorithmis basedon the compensatiorf independent
displacements of robots body.

We considertwo basicphasesof the insertion procedure:motion along a mechanical
link and maintenance of a given contact force.

The tube movestowardsthe hole andtouchesthe inner side of the funnel. During this
motion the force components are determined.

Dueto theforce feedbackthe body of the vehicleis displacedn the directionof reduc-
tion of lateralforce componentandforce contactis maintainedequalto the programmed
value. The accommodatiomatrix G, is setdiagonally.lts elementsare adjustedso that

they are big for movementgerpendiculato the hole and small for movementsalongthe
tube axis.

Our experiments have shown that there can occur a loss of contact between the tube and
the surface of the funnel-shapeadle. In the force reactionaneasurementsis phenomena
is observedas suddenchangesof the force componentsparticulary the changesof the
longitudinalforce componentThe mainreasondor this are bad coordinationof velocity
components and inaccuracy in the computer servosystems.

The secondelaboratedalgorithm of body motion control is basedon the complexmo-
tion asa superpositiorof two "basic"motions- motionin the normaldirectionto the sur-
face of the object and motion along the tangent to the surface [7]:

V, =V, +V =A{{F- ) +V, )

Heren and T arethevectorsof the outer (outside)normalandthe tangentwith respect
to the surface), = const> 0 is the programmed value of the tube velocity along the tan

gentto the surfaceof the object (contourvelocity), V., =const>0 is the programmed
value of the normal componentof the contactforce to be maintained, F, is the normal



forcecomponent\ > 0 is a constantlf thefriction betweerntubeandsurfaceis absenor
knownthenthevectorsn andT canbedeterminedrom force sensorsignals.To use(2)

in the control systemwe haveto evaluatethe valueof force F, andto find vectorsn and
T which describe the directions of the body with the tube.

For findingF,, T and N we supposethat the longitudinal axis of tube and hole are
parallel and the tube is moving over the funnel surface without friction.
The experimentakesultshave shownthat the secondcontrol methodyields a more uni-
form tubemovemenialongthe funnel-shapedhole andthe measured/aluesof force com-
ponents are very close to the programmed VigJu€fig. 6).

Here F,,F,, F,are forces obtainedduring the motion of the tube along the funnel-

shapedhole, x,y, zare the displacement®f body and tube along axes OX,0Y,0Z

versustime. The valuesof Ax,Ay,Az are calculatedrelatively to the motionlesslegs
standingon the surface Diameterof the tubeis d=60mm,diameterof the hole dy=65mm,
diameter of the funndd=250mm, height of the funnbkE110mm.

The upper plots show the characteristicstages(portion of curves):the motion of the
tube to contact with funnel-shaped surface, the motion of the tubethlssgrfaceto the
centre of the hole and at once (immediately) the inserting of the tube into the hole.
From the start of thenotiontill the momentof contactthe body of vehicleis shiftedalong
axis OX with a velocity proportional to the programmed fofge

After contactbetweentube andsurfacetherearisesa force, andthe programperforms
controlin correspondencwith (2). The contactof the tubeto the funnel-shapedurface
occurswith normalforce F,, andthe tubeis shifting along the cone-typesurface.The

contact between the tube and the funnel-shapped surface is never lost.
3.2. The force contrd of vehicles body movement for drilling

Moving of body with a tool for mechanicaprocessinghasto be performedby force con-
trol.

The drill is mountedon the body of the vehicle by meansof a force sensormeasuring
three components of the force vector (fig.7).

3.2.1. Evaluation of tool orientation in relation to the surfaces' normal direction

For the orientationof the drill which is touchingthe working surfaceit is necessaryo
controlthe body movemenin sucha way thatthe longitudinalaxis of the drill is collinear
to the normal direction of the parts surface. The point of contact must be constant in time.
Our algorithmutilizesthe datafrom the force sensoifor evaluationof the normaldirec-
tion of the working surface.
While the drill touchesthe working surfacethe three force componentsare measured.
From this data the normal direction to the working surfacebearontrolledin sucha way
thatthe lateralcomponent®f the force vectoraregoingto minimal values.The longitudi-
nal component of the contact force must be parallel to the axis of the drill (fig.8).
This componenthasto be constant.In this situationthe control methodfor vehicles
body to keep the constant point of contact is

Vo, =k, IZQFX - pr), w, =k [F, w,=k [F,V, =-0,[R,V,=w, R, (3)



whereV ., V., V_,

px? Tpy? “pz? py’

puter, F, F, F, are componentsof force measuredby the force sensor,

F,x = const>Ois the programmedorce which haveto keepthe fixed OX direction, k, ,
k,, k, is thefeedbackgain, R is a constantdescribingthe distancebetweenthe coordi-

nate frame and drill end.
After the touch the program starts the drilling operation.

w,, arethelinearandangularvelocitiesevaluatedy the com-

3.2.2. Dirilling

For drilling operationsthe pressingforce determinesthe cutting force which hasto be
controlled.The cuttingforce hasto be constanfat all time in the directionof normalforce
F, This force hasto be closetoF,, . The programmedbody velocity componentV,, is

calculatedn (2). For avoidingjam andtool breakagehe control systemcancompensate
for the lateral components of interaction forces which arise during the drilling operation.

Conclusion

Forcecontrol of legsin locomotionandmotion of body for technologicabperationshave
been developed and experimentally tested.

Information about foot force interactions between robot legs and the sudedey the
control systemimprovesadaptatiorto terrainroughnessndprovidesuniform distribution
of forces between supporting legs.

Information aboutthe main force andthe torquevectorsthat actson the body vehicle
cominginto contactwith an externalobjectand maintainingthe given contactforce, are
used for the assembly and drilling operations.
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