1999 IEEE/RSJ International Conference on Intelligent Robots andSystems (IROS’99), Kyongju, Korea, October 17-21, 1999.Datei: Frank & Axel:Axel:Artikel/Papers:IROS_99_State_Transitions:Final:IROS’99_Final.doc, Datum: 29. Juli 1999, Seitenzahl: 6Manipulating deformable linear objects- Contact state transitions and transition conditions -Axel REMDE, Dominik HENRICH, and Heinz W�RNAbstractThis paper deals with the robust manipulationof deformable linear objects such as hoses orwires. We propose manipulation based on thequalitative contact state between the deformableworkpiece and a rigid environment. First, we givean enumeration of possible contact states anddiscuss the main characteristics of each state.Second, we investigate the transitions which arepossible between the contact states and derivecriteria and conditions for each of them. Finally,we apply the concept of contact states and statetransitions to the description of a typical assem-bly task.1 Introduction Let us think of two simple tasks which typi-cally occur when assembling industrial goods:Threading a hose through a cutout in a sheet metalhousing or fixing an electric wire in a guidinggroove. When considering the automated perform-ance of such tasks, we have to facethe question ofhanding non-rigid workpieces robustly and relia-bly with a robot system. In addition, the expendi-ture for programming the robot should be as lowas possible. In this paper we concentrateon defor-mable linear objects (DLOs), such as ropes, hoses,electric wires or leafsprings, which can be foundin virtually all industrial products. Compared to the assembly of rigid workpieces,some additional restrictions must be taken intoconsideration. The shape of the workpiece to beassembled is typically neither exactly known norconstant for the assembly process. While the ini-tial shape depends on the history of the workpiece,the deformationin the assembly process dependson contact forcesand gravity. In addition, non-rigid workpieces have an inherent compliancewhich can hardly be influenced. Altogether, theseeffectscause high uncertainties which have to bedealt with.There are two principle ways to cope with theseproblems. On the one hand, the behavior of theworkpiece may be taken into account by means ofa quantitative deformationmodel for computingthe shape of the workpiece. On the other hand, thedeformationcan be regardedas uncertainty whichmust be compensated while performingtheassembly. The usage of deformationmodels for handingDLOs has been investigated by several researchers.Zheng et al. determine the required gripper trajec-tory for inserting a flexible beam into a rigid holeby computing the deflectioncurve of the beam[10]. Wakamatsu et al. present a general algorithmfor computing the shape of elastic DLOs [9].Those methods can be used if all relevant parame-ters, geometries and boundary conditions are ex-actly known. Without additional sensor informa-tion, they are likely to fail in the presenceofuncertainties.Other works are based on sensor integration.Inoue and Inaba use a stereo vision system forpicking-up a rope and guiding it through a ring[2], while others insert bending beams into holesunder friction (Kraus and McCarragher[3], Naka-gaki et al. [6]). All of those approaches are used forsolving clearly specifiedtasks, but it is not clearhow they may be re-used in other, similarsituations.As far as rigid workpieces are concerned, a lot ofworks address the problem of developing robustand flexible routines for typical assembling or dis-assembling tasks. The basic idea is to set up alibrary of encapsulated, sensor-based routineswhich can be used as a construction kit for effi-ciently solving complex assembly problems. Mor-row and Khosla demonstrate the efficiencyof thismethod for inserting differentkinds of plug-inconnectors [5].Morris shows that performingassembly taskscan be regarded as stepwise increasing the numberof constraints (reducing the degrees of freedom)ofone of the mating parts by establishing contactwith the other part [4]. Therefore,detecting andmanipulating the contact state of the mating partsis a key problem for developing manipulation rou-tines. Any routine changing the contact state of themating parts (like establishing point contact,transferringpoint contact to facecontact, etc.)forms a module of the construction kit for assem-bly operations.1Transferringthis concept to the handling ofDLOs leads to the following questions we con-

1Those modules are called �manipulation skills� in someworks. However, the usage of this term is not uniform.Institute for Process Control and Robotics (IPR)Universit�t Karlsruhe (TH), D-76128 Karlsruhe, Germanye-mail:[Remde,dHenrich,Woern]@ira.uka.dehttp: //wwwipr.ira.uka.de/~paro/ sider in this paper: What are the possible contactstates of a DLO in a rigid environment and whatare the characteristicsof these states (Section˚2)?What transitions are possible between these con-tact states (Section˚3)? How can a change of con-tact state be initiated and what are the precon-ditions for the change (Section˚4)? How can theconsideration of contact states be used in assemblytasks (Section˚5)? What are the conclusions andhow should the work be continued (Section 6)?2 Contact states In the following, the contact of a DLO (calledworkpiece)in a static environment (called obsta-cle) is regarded. We base our consideration on thefollowing assumptions:First, the material of the workpiece is isotropand homogeneous. The workpiece is assumed tobe uniformly curved, that is, it is either uniformlyconvex or concave. The deformationcaused bygravity and contact forcesis elastic, that is, thedeformation removes if the stress is released.2 Ex-ample workpieces are a (short) hose or a piece ofspring steal. The linear workpiece is gripped atone end and the robot gripper may performarbi-trary linear motions.Second, all obstacles consist of convex polyhe-drons. The friction between workpiece and obsta-cle is negligibly low. We begin our considerationwith a single contact between workpiece and ob-stacle.Based on the geometric primitives of DLO andobstacle, Henrich et al. [1] introduce a set of con-tact states, enumerating all possible contact situa-tions with a single contact. Our analysis isfounded on this enumeration. For polyhedral ob-jects, the geometric primitives are vertices (V),edges (E), and faces (F). The linear workpiece hastwo vertices and one edge between the two verti-ces. (However, one of the workpiece vertices canbe ignored because of the gripper). The geometricprimitives are definedby their number of dimen-sions which is 0 for vertices, 1 for edges and 2 forfaces. The resulting enumeration is shown in Figure1. We name the contact states by the contactprimitive of the workpiece followed by the contactprimitive of the obstacle. By combining all possi-ble primitives of the workpiece with all possibleprimitives of the obstacle, six differentcontactstates are found. An additional state (not shown inFigure 1) is N which indicates that workpiece andobstacle are not in contact.Like the object primitives forming the contact,the type of contact can by characterizedby its di-mension which is 0 for point contacts and 1 forline contacts. The states E/E and E/F may eitherform a point contact or a line contact. In these

2These workpieces belong to the object classes {E—, E+}introduced by Henrich et al. [1].cases, the contact type is indicated by a subscriptP or L, respectively.An important attribute of each contact state isits stability. A contact state which is kept up if therobot gripper performsa (small) motion in anydirection is called stable. (However, the contactpoint or contact line may move). If this conditionis not fulfilled, we call the contact state instable.Consequently, a stable contact state is especiallykept up if the robot gripper is not moved. Thestability of each state is also given in Figure 1.3 State transitionsAfterdefining the possible contact states be-tween workpiece and obstacle, it must be consid-ered which transitions between the contact statesmay occur and what conditions they depend on.State transitions are changes from one contactstate to another one without passing intermediatestates. For now, establishing a second contactwithout loosening the first one, i.e., establishing adouble contact, shall not be regarded. We distin-guish between two types of transitions. A transi-tion which is caused by a distinct action (motionof the robot gripper) is an initiated transition.These transitions always start in stable contactstates while the following state may be stable orinstable. Transitions starting in an instable stateand resulting in a new stable state are called spon-taneous transition. These transitions cannot bedirectly controlled. They depend as well on thegeometric properties of workpiece and obstacle ason the stable state preceding the instable one.When thinking about transitions between thedifferentcontact states, it is helpful to considerwhich of the states introduced in Section˚2 arelikely to occur and which are not. On the oneVertex

Edge

Face

VertexV/V(instable)

V/E(instable)

V/F(stable)

EdgeE/V(instab.)

E/EP(stable)

E/EL(instable)

E/FL(stable)

Figure 1: Enumeration of contact states be-tween a deformable, linear object and a convexpolyhedron hand, it is obvious that all of the stable contactstates may easily be established. On the otherhand, the instable states V/V and E/EL are un-likely to occur. A transition into state V/V re-quires a gripper motion guiding the workpiecevertex exactly to the obstacle vertex. A transitionto E/EL requires a gripper motion with the work-piece edge being exactly parallel to the obstacleedge. Any deviation will result in a differentcon-tact state. For this reason, the states V/V and E/ELare not furtherconsidered and E/E means E/EP inthe followingThe states E/V and V/E are unlikely to occur asinitial contact states, i.e., following state N. Ifoccurring as initial contact, they will be immedi-ately changed into a stable state. However, bothstates may occur as intermediate states, e.g., in thesequence V/F˚fi˚V/E˚fi˚E/E.Based on these considerations, a state transitiongraph can be drawn up which is shown in Figure2. This graph gives all possible transitions be-tween the contact states (including state N) and isfound by means of basic manipulation experi-ments. The contact states represent nodes whilethe state transitions represent edges.Solid edges starting and ending at the samenode indicate stable contact states, i.e., thesestates may be their own successors. This is thecase if a motion of the robot gripper is not largeenough to cause a state transition, as described inSection˚2.As stated above, any stable state may be di-rectly established from state N. Therefore,all sta-ble states are connected with state N by solidedges. Transitions E/F˚«˚E/E and E/F˚«˚V/F arealso possible, while there is no link between E/Eand V/F. This is caused by the factthat each tran-sition can only change the geometric primitive ofeither the workpiece or the obstacle, but not both.Please note that in Figure 2 the states E/FP andE/FL do not need to be distinguish in most cases.3

3 A counter-example is the gluing of the workpiece, e.g., intoa groove where a large contact surface is required.In fact, it is often hard to decide if the workpieceactually is in the state E/FL or if there is a multi-ple point contact.All of the transitions discussed so farare re-versible by just performingthe same gripper mo-tion in the reversedirection. For transitions be-ginning in instable states, things are different. It isfound that they are only partly reversible. Thedashed edges in the transition graph starting fromthese contact states indicate that there are severalpossible stable successors for each of them. Whiletransitions leading to a stable state different from N(e.g. V/F˚fi˚V/E˚fi˚V/F) are reversible, thosetransitions leading to N are irreversible.4This behavior becomes clear if the instablestates are thought of as borderline cases of thestable ones. Being in a stable state, the workpieceis deformed by a forcecaused by the contact withthe obstacle. A transition �Stable fi˚Instablefi˚No contact’ means that this forceis suddenlychanged to zero. This leads to an immediatestress-relieve of the workpiece and, thus, an imme-diate change of the workpiece shape.5 Therefore,areversetransition by just performingthe samegripper motion in the opposite direction is notpossible. The occurrence of irreversible transitionsis specificfor deformableworkpieces. In the han-dling of rigid objects, transitions are generallyreversible. As a consequence, determining thecontact situation by means of probing motions,e.g., in Spreng [8], is not applicable for deform-able workpieces.4 Transition conditionsThe transition graph introduced in the last sec-tion gives no information on the conditions for theoccurrenceof state transitions. However, suchknowledge is necessaryfor both initiating statetransitions in the manipulation process and foravoiding unintended transitions. The analysis ofthe transition conditions given in this section isonly based on some basic characteristicfeaturesofthe workpiece but not on a numerical computationof the workpiece shape.4.1 Initial state transitionsWe start our considerations with the transitionsN˚fi˚V/F, N˚fi˚E/E, and N˚fi˚E/F, i.e., theestablishment of an initial contact. It is found thatthe situation is differentfor convex and concaveworkpieces.6 Figure 3 shows the possible situa-tions if the shape of the workpiece is convex. Pos-sible transitions are N˚fi˚V/F and N˚fi˚E/E.Being dv the length of the trajectory of the work-piece vertex V to the obstacle face F (given by the

4This holds true under the assumption that the workpiece isremarkably deformed in any state different from N.5Those sudden shape changes are typically accompanied byoscillations of the workpiece.6Convexity and concavity are defined with respect to anobserver looking on top of face F.

N

E / V

V / E

E / E

E / F

V / F

Figure 2: State transition graph. Initiated transi-tions are shown as solid edges, while spontane-ous transitions are shown as dashed edges.

velocity vector v7) and being P the workpiecepoint whose trajectory (of length dP) points to-wards the obstacle edge, the contact is establishedas follows: For dv˚<˚dP, the transition is N˚fi˚V/F,for dP˚<˚dV the transition is N˚fi˚E/E. (As in thefollowing, we generally assume that a contact isestablished at all, i.e., the workpiece does not failto touch the obstacle).If the workpiece is concave, all stable contactstates are possible as initial contact. Figure 4shows the possible situations:At first, the tangent vector tV of the workpiecevertex V has to be regarded. If tV points down-wards and the trajectory of V intersects F, thetransition is N˚fi˚V/F. If tV points downwards butthe trajectory of V does not intersect F, the transi-tion is N˚fi˚E/E (top row of Figure 4). If tV pointsupwards (i.e., V is not the workpiece point whichis closest to F) the tangent vector tP of P is deci-sive. Let us assume that tV points towards theobstacle (which is here assumed to be semi-infi-nite) as shown in the middle row of Figure 4. If tPpoints downwards, the workpiece point which isclosest to F is between P and V. Therefore,theinitial contact is E/F. If tP points upwards, P is theworkpiece point closest to the polyhedron. In thiscase, E/E is the initial contact. If tv points awayfrom the obstacle, the situation is just inverse(bottom row of Figure 4).4.2 Stable state transitionsFor transitions between the stable contact statesV/F, E/E and E/F, the angle a between the tan-gent vector tV in the contact point and the obstaclefacesis decisive. Let us assume the workpiecebeing in state V/F, as shown in Figure 5. A tran-sition to E/F occurs if a becomes zero. Dependingon the gripper motion, this transition may or maynot be connected with a motion of the workpiecevertex V. The same holds true for the transitionE/E˚fi˚E/F.Provided that the workpiece deformation is elas-tic (see Section 2), all transitions discussed so farare reversible by just performingthe same grippermotion into the opposite direction.4.3 Spontaneous state transitionsThe last kind of transitions to be considered arethe spontaneous transitions starting in an instablecontact state.

7Please note that the velocity vector is constant for all pointsof the workpiece in state N as long as the gripper motion islinear.First, let us think of the workpiece being instate V/F and being dragged with its vertex overan obstacle edge, i.e., let us think about the spon-taneous transition following an initiated transitionV/F˚fi˚V/E.8 This is the most fundamentalcaseand shall thereforebe regardedin some detail. Ifthe facesadjacent to the obstacle edge enclose anobtuse angle, four differentsituations are possiblewhich are shown in Figure 6, left. Initially, theworkpiece vertex is in contact with the left obsta-cle faceF1 (having tangent plane t1 and normalvector n1). The contact point C moves towards theobstacle edge. The hatched areas indicate the pos-sible workpiece tangents tV in a contact point C.1. If tV is left of tangent t2 of the right faceF2, theresulting stable contact state is E/E. This canbe found by simple geometric considerations.2. If tv is between t2 and n1, the workpiece vertexgets in contact with faceF2 afterpassing the

8Like in the following, we assume that the gripper motion isnot changed when the transition occurs. The resultingcontact state given here holds true immediately after thechange. If the motion it further continued, contact isgenerally lost. F

v

d

V

d

P

V

P

N˚fi˚V/Fv

d

V

d

P

F

V

P

N˚fi˚E/EFigure 3: Possible situations and state transi-tions for establishing contact if the workpieceis convex tV v V

F

N˚fi˚V/F tV v V F

N˚fi˚E/E tV

tP

F

v

V

P

N˚fi˚E/F tP F v V P

t^V

N˚fi˚E/E

t^P

F

v

V

P

t^V

˚N˚fi˚E/E

t_P

F

v

V

P

t_V

N˚fi˚E/FFigure 4: Possible situations and state transi-tions for establishing contact if the workpiece isconcave V

a

F

tv

V/Fa˚fi˚0fi

C V

F

E/F

V

C

a

tv

F

E/Ea˚fi˚0fi

V

C

F

E/FFigure 5: Transitions between stable contactstates

edge and the resulting stable state is V/Fagain.9 Please note that the contact facehaschanged from F1 to F2, though the final contactstate is the same as in the beginning.3. If tv is between the normals n1 and n2 of theadjacent faces,contact is lost when the objectvertex passes the obstacle edge. This effect iscaused by the following: When in contact withfaceF1, there exists a contact forceF betweenF1 and the workpiece vertex. Assuming thatfriction is negligible (see Section 2), F is nor-mal to F1. The contact forceF can be dividedinto a portion Fn being normal to the work-piece and a portion Ft being in line with theworkpiece. In the quasi-static case (which shallbe assumed here), only the normal forceFncauses bending of the workpiece according toits bending rigidity. If the contact point Cpasses the edge and changes from the first tothe second face,the direction of F changesabruptly from n1 to n2. For tv being between n1and n2, faceF2 cannot exert a forcenormal tothe workpiece. Thus, contact is lost. (See alsoFigure 7, below).4. The case of tv being between n2 and t1 is simi-lar to Case˚2, and results the same way in astable V/F contact with F2.If the angle g enclosed by the adjacent facesbe-comes smaller, the angle between t2 and n1, or n2and t1, respectively, becomes smaller, too. There-fore, the regions discussed as Case˚2 and Case˚4are reduced. If g is acute (<90�), these areas do notexist and only the Cases˚1 and Case˚3 remain(Figure 6, right).Second, let us think of the workpiece edge be-ing dragged over an obstacle edge, i.e., an initi-ated transition E/E˚fi˚V/E. This problem is justinverse to Case 1 discussed above. According toFigure 6, the resulting stable contact state is V/Fif g is obtuse, while it may be V/F or N if g isacute.Third, we consider dragging the workpiece edgeover an vertex of the obstacle, i.e., an initiatedtransition E/F˚fi˚E/V or E/E˚fi˚E/V, respective-ly. In these cases, the plane containing the work-piece must be regarded: If this plane is in betweenof t1 and t2, (horizontally hatched areas in Figure6), the resulting contact state is N, i.e., contact islost. Otherwise, the resulting stable state is E/F or

9In the borderline case tv parallel to t2, the resulting state isE/F.E/E, depending on obstacle geometry and grippertrajectory.10The behavior of DLOs in instable contact stateshas been validated by experimental investigationsand numerical simulations for g˚˛˚{30�, 80�, 90�,100�, 130�}. For the experiments, an industrialrobot was used to guaranty precise movements.The simulations where performedwith a specialsimulation software [7]. Figure 7 shows a simula-tion of the Cases 2 and 3 discussed above.5 Application to assembly tasksSo far, we have discussed the contact of a defor-mable linear workpiece with a rigid obstacle froman analytical point of view. This section dealswith the application to assembly tasks. Whenthinking of those tasks, it is found that the as-sumptions given in Section˚2 must be partly re-laxed. This affects especially the assumptions ofone single contact and of a convex polyhedralobstacle.11 However, this does neither affecttheapplicability of the set of contact states nor therules derived for state transitions. Let us consider the problem of inserting anelastic pneumatic hose into an U-shaped guidinggroove as shown in Figure 8.Depending on the boundary conditions, thereare several possibilities for performing this task. Arather simple and robust procedure is as follows:

10This behavior can be derived in the same way as for theCases 1 through 4 discussed above11The occurrence of a second contact is needed as triggersignal for initiating a new gripper motion. However, thefurther behavior of the second contacts is not relevant forperforming the task. E/E

V/F

N

t^1

t^2

C

n^1

n^2

V/F

E/E

N

n^1

t^1

C

g

Figure 6: Possible spontaneous transitionsfollowing an initiated transition V/F˚fi˚V/E forobtuse (left) and acute (right) obstacle angleg. The hatched areas indicate the workpiecetangent in contact point C

-0.6

-0.4

-0.2

0

0.2

1.0

1.2

1.4

MD x / m

z

/ m

-0.4

-0.2

0

0.2

0.4

1.0

1.2

1.4

1.6 x / m

z

/ m

MD

Figure 7: Simulated transition V/F˚fi˚V/E˚˚fi˚V/F(above) and V/F˚fi˚V/E˚˚fi˚N (below) for a cop-per wire of length 1˚m and diameter 1˚mm withg˚=˚130�. MD: Motion direction of the gripper

1. Establish an initial contact between the edge ofthe hose and edge E1 of the groove.2. Move the hose downwards without looseningcontact until the hose touches either of theedges E2 or E3.3. Establish contact between the hose edge andF1.4. Move the hose downwards without looseningcontact with F1 until it gets in contact with F2.Translating this procedureinto a sequence ofcontact states and state transitions leads to thefollowing:N˚fi˚E/E1˚fi˚E/E1˚�˚(E/E2˚�˚E/E3)fi˚E/F1fi˚E/F1˚�˚E/F2Obviously, it would be rather simple to gener-ate a robot program for performing this task if a li-brary of sensor-based, encapsulated routines for therequired state transitions was available. Performingassembly tasks in this way requires neither exactknowledge about the mechanical workpiece proper-ties nor a quantitative calculation of the workpieceshape.6 Conclusions In the assembly of rigid workpieces, the con-sideration of contact states and state transitions hasproven to be a suited method for creating robustmanipulation routines for multiple purposes. Weexpect that this holds true for deformablework-pieces as well. In this paper, we investigate con-tact states and state transitions of deformable linearobjects in a rigid environment. The application toa typical industrial problem shows that this princi-ple can be easily used for describing assemblytasks.There are especially two further questions whichneed to be investigated if we want to use contactstates and state transitions for robot programming:How can the contact states and state transitions bedetected by means of sensor systems and what isnecessaryto performthe state transitions reliablyand robustly with a robot system? The investiga-tion of these questions will be our next step.AcknowledgmentThe work described in this paper was funded bythe European Commission in the frameworkofBrite-EuRam project HANDFLEX (Integratedmodular solution for HANDling of FLEXible ma-terials in industrial environments).References [1]Henrich D., OgasawaraT., W�rn H.:"Manipulating deformablelinear objects:Contact states and point contacts". In: Proc.1999 IEEE International Symposium on As-sembly and Task Planning (ISATP’99),Porto, Portugal, July 21-24, 1999.[2]Inoue H., Inaba M.: "Hand-eyecoordinationin rope handling". In: Proc. of the First Int.Symp. on Robotics Research, pp. 163-174,New Hampshire, USA, Sept. 1983.[3]Kraus W., McCarragher B. J.: "Case studiesin the manipulation of flexible parts using ahybrid position/force approach". In: Proc.1997 Int. Conf. on Robotics and Automa-tion (ICRA�97), vol. 1, pp. 367372, Albu-querque, USA, April, 1997.[4]Morris G. H., Haynes L. S.: "Robotic as-sembly by constraints". In: Proc. 1987 IEEEInt. Conf. on Robotics and Automation(ICRA�87), pp. 1507-1515.[5]Morrow J. D., Khosla P. K.: "Manipulationtask primitives for composing robot skills".In: Proc. 1997 IEEE Int. Conf. on Roboticsand Automation (ICRA�97), pp. 3354-3359,Albuquerque, USA, April 1997.[6]Nakagaki H., et al.: "Study of deformationand insertion tasks of a flexible wire". In:Proc. 1997 Int. Conf. on Robotics andAutomation (ICRA�97), vol. 3, pp. 2397-2402, Albuquerque, USA, April 1997. [7]Remde, A., Henrich, D., Karl, S., and W�rnH.:" Manipulating deformable linear objects:Efficientsimulation of the workpiece behav-ior". Submitted to: Robotics and Applica-tions (RA’99), Santa Barbara, CA, USA,Oct. 28-30, 1999.[8]Spreng, M., "Situationsanalyse bei Kontak-ten w�hrend der Ausf�hrung von Roboter-bewegungen in unsicheren Umgebungen",PhD Thesis, Universit�t Karlsruhe (TH),1993.[9]Wakamatsu H., et al.: "Dynamic analysis ofrodlike object deformationtowards their dy-namic manipulation", In: Proc. 1997IEEE/RSJ Int. Conf. on Intelligent Robotsand Systems (IROS’97), pp. 196ff, Grenoble,France, Sept. 1997.[10]Zheng Y. F., Pei R. Chen C.: "Strategies forautomatic assembly of deformableobjects".In: Proc. 1991 Int. Conf. on Robotics andAutomation (ICRA�91), vol. 3, pp. 2598-2630, Sacramento, USA, April 1991.

F1 F2

E1 E2

E3

Figure 8: Two states of the insertion processof a hose into an U-shaped guiding groove