International Symposium on Robotics (30th ISR), October 27-29, 1999, Tokyo, JapanPicking-up Deformable Linear Objects with Industrial RobotsAxel REMDE, Dominik HENRICH, and Heinz W�RNInstitute 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/AbstractThis paper deals with the problem of picking-up deformable linear workpieces such as cables or ropes with an industrialrobot. First, we give a motivation andproblem definition. Basedon a brief conceptualdiscussion of possible approacheswe derive an algorithm for picking-up hanging deformable linear objects using two light barriers as sensor system. For thishardware,a skill-based approachis describedandthe parametersandmajor influence factors arediscussed.In an experi-mental study, the feasibility andreliability underdiverseconditions areinvestigated. The algorithm is found to be veryreliable, if certain boundary conditions are met.1 INTRODUCTIONWhen considering automated assembly of industrialgoods, picking-up the workpieces always is the first step ofthe task. For the manual assembling process, the work-pieces are typically supplied unsorted in containers, boxes,etc. Though this is the cheapest method, it matches thewell-known box-picking problem and is therefore very hardto automate. For rigid workpieces, the problem can besolved, e.g., by using magazines or pallets. For most non-rigid workpieces whose shape is neither constant for allworkpieces nor exactly known, the problem is morecomplex.In this paper, we discuss the problem of picking-uphanging deformablelinear objects (DLOs) with a standardindustrial robot. The motivation for investigating the prob-lem is given in the task of automated assembly of cableforms into final products (e.g., washing machines or cardoors).1 However, the solution is found to be applicable toseveral other kinds of deformableworkpieces like hoses orropes.The task investigated here is picking up cable formswhich are fixed at one point whose position is approxi-mately known. The cable forms are hanging freely in agallows with their main plug (Figure˚4).Figure˚1 shows a section of the driver’s door cableforms of the MERCDES Class A and MERCEDES Class C forwhich the problem is investigated. Because the first step ofthe assembly process is to threadthe main plug through acut-out in the door. Therefore,it is not possible to graspthe cable form directly at the plug. Instead, it must begraspedabout 0.3˚m beneath the fixing position. Due togravity, the cable shape can be approximatedby a verticalline. However, the exact shape is unknown.

1 Today, this task is performed completely manually.The task should be solved using a purchasable industrialrobot and a common robot programming language. Allsensor systems should be robust, cheap, and established inthe industry.For the problemgiven above, we derivean algorithm based onthe principle of ma-nipulation skills (MS),see e.g. Morrow et al[3].2 This implicatesthe followingrequirements:• The MS effects achange in state ofthe workpiece(transferfrom state’hanging freely’ tothe state ’grasped’).• For the programmer,the MS is inde-pendent of both robot hardware and sensor systems.• The MS is encapsulated and needs as few parametersaspossible. Note that the parameters must not concern thesensor systems which are needed for executing the skill.• The MS is robust concerning the initial state and envi-ronmental conditions.• Errors must be detected and handled.The problem of picking-up a hanging rope has been inves-tigated by Inoue and Inaba [2]. In that work, a special ex-perimental robot set-up is used which is supported by astereo vision system for determining the shape of the rope.

2 For the application of this concept to DLO’s, see also Henrich et al.[1], Remde et al. [6].Figure˚1:Sectionofthedriver’s doorcableform for MERCDES Class˚A(left) and Class˚C (right)

However, the usage of a vision system generally requiresspecial illumination and backgroundconditions which arehard to meet in industrial environments. Additionally, thisapproach is rather expensive concerning both sensor hard-ware and data processing. Therefore,it does not fulfill ourrequirementsgiven above. Some problems concerning themanipulation of DLOs based on computer vision are con-sideredby other authors, too, e.g. Smith [7], but they donot address the picking-up problem.Several works propose mathematical deformation modelsfor handling deformable workpieces, e.g. Wakamatsu et al.[8] or Nakagaki et al. [4]. These models mainly considerelastic deformationof homogenous objects. Please notethat under these assumptions the task of picking up a linearhanging object could be solved very easily because theobject should hang in a straight vertical line. Actually, theshape is highly influenced by the inhomogenous structure,internal stress, and plastic deformationcausedwhile manu-facturing, transporting, and storing the cable forms. It is al-most impossible to regard these influence factors in a quan-titative deformationmodel. In [4], an initial plastic defor-mation is considered,but a complex stereo vision systemis required for determining the shape.When considering the task of picking up hanging DLOsthe following questions must be addressed:What ap-proaches are generally possible (Section˚2)? What kind ofalgorithm does fulfill the requirementsgiven above andwhat are the major influence factors (Section˚3)? Does thealgorithm prove to be reliable in an experimental investi-gation (Section˚4)? What are the conclusions and howshould the work be continued (Section˚5)?2 POSSIBLE APPROACHESThe most simple approach for solving the task ofpicking-up hanging DLOs is the usage of a gripper withlarge jaw aperture in order to cope with the unknown cableshape. However, this solution is not applicable for two rea-sons: First, the jaws of (pneumatic driven)purchasablegrippers can typically be completely open or completelyclosed, but can not be controlled to stay in any intermediatestate. This might cause problems in the subsequent mount-ing process where the free space around the gripper is typi-cally small. Second, this method may only be applied ifthe fixing position of the DLO is rather far from the grip-ping position, otherwise the stress acting on the cable maybecome very large and cause damage to the DLO.As the task of picking-up a DLO can be tracedback tothe basic problem of determining the shape of a three-di-mensional curve in space, any three dimensional visionsystem (e.g., based on stereo vision [2]) might be em-ployed for determining the gripping position. This solutionis straight-forward,but requireshigh expenditureconcern-ing both sensor system and data processing.Becausethe orientation of the hanging DLO can be as-sumed to be approximately vertical, the position of onlyone point must be determinedfor picking-up. Thus, theproblem of determining the workpiece shape can be reducedto the problem of determining the 2D coordinatesof oneDLO point PGrasp in a plane which is approximately per-pendicularto the DLO. In this case, the usage of a lightsection scanner (or a spot range findercombined with ascan motion of the robot) is straight forward.3However, a further simplification is possible if both co-ordinates of PGrasp are determinedsequentially, as describedin the following section.3 DESCRIPTION OF APPROACH3.1 AlgorithmIf no backgroundhas to be considered(i.e. the distancebetween the DLO and any surrounding object is larger thanthe measuring range of the sensor systems), two lightbarriers B1 and B2 are found to be sufficient for determiningPGrasp. Barrier B1 is a reflex barrier which is mounted on topof the gripper, B2 is a miniature one-way barrier which isintegrated into the gripping jaws. Figure˚2 gives a top-view of the process which is per-formedin three steps: First, the gripper performs a scanmotion in h-direction with velocity vS (Step I). This mo-tion is stopped when the DLO is detectedby reflex barrierB1. Then, the position of the gripper is adjustedto alignthe center axis of the gripper with the optical axis of B1.Second, the gripper performs a feed motion in x-directionwith velocity vF until light barrier B2 is interrupted(StepII). Finally, the gripping jaws are closed in Step III.4. I

IIIIIhx

dvSv

B1B2Figure˚2: Top-view of the gripping process (B1 and B2: light barriers,vS and vF: scan and feed velocity, d : distance between scan path andDLO, h and x:directionofscanandfeedmotion)3 Please note that the price for a suited light section scanner is about 30times higher than for the light barriers employed here.4 Alternatively, a 2D camera image may be used for determining thedirection of the feed motion. In this case the camera system is usedinstead of B1.

This algorithm given above requiresthe following pa-rameters:• Start position of scan motion (given implicitly by thegripper position when starting the algorithm).• Velocity vS and vF of scan motion and feedmotion,respectively.A straight-forward implementation of the algorithm showsthat it is principally feasible, but the reliability is ratherpoor. This is causedespecially by the following tworeasons:First, the correct grasping position PGrasp is given by thecenter of the cross section of the DLO. However, the algo-rithm describedabove gives the correct grasping positiononly if both the diameterof the DLO and the light beamare infinitesimal small (Figure˚3 left). This assumptiondoes not hold true for real DLOs and light barriers. Thestate of a one-way barrier is changedif a certain portion ofthe light beam is interruptedby the cable. An analogueeffect can be observedfor reflex barriers. Consequently,both scan motion and feedmotion are stopped too early,resulting in a positional error DxBarrier which amount de-pends on both DLO diameterand light barrier (Figure˚3right).This positional error can be avoidedin the followingway: If the change in state of a light barrier occurs, thecurrent gripper position is stored in a variable xBegin with-out stopping the motion. When the light barrier has passedthe DLO, the state of the barrier changes again. This posi-tion is stored as xEnd and the motion is stopped. The correcth- or x-coordinate of PGrasp can than be computed as meanvalue of xBegin and xEnd.

DxBarriervxBeginxEndFigure˚3: Ideal (left)and real (right) statechanges of a light bar-rier (v: gripper mo-tion, xBegin and xEnd:positions of statechanges,

DxAxis in h-direction. Beinga the angle between the optical axis and the perpendicularof the scan path, and d the distance between scan path andDLO, the amount of deviation is given by:DxAxis˚=˚d˚tan˚aIf DxAxis becomes larger than the tolerable positional er-ror, the gripper will either touch the DLO with one of thejaws without gripping it or completely miss the cable.The deviation may be taken into considerationby eitherexactly adjusting the reflex barrier on top of the gripper orby simultaneously rotating the gripper by a with respectto the normal of the xh-plane before starting the feedmo-tion. In the experiments describedbelow, this secondmethod is employed. In both cases, a must first be deter-mined experimentally.Thus, the algorithm may be describedin the followingform.procedure Pick_Skill(vS, vF);const

• If there is no object within the measuring range of B1,the scan motion is performedwithout any change ofstate of B1. In this case, the scan motion should bestopped automatically after scanning a given maximaldistance. With dmax being the measuring range of B1, thescan motion may be repeatedafter moving the gripperabout dmax in x-direction.

• To avoid damage, it should be certifiedthat any objectwhich the robot tries to pick up is small enough to begraspedby the gripper. This is possible by defining amaximal motion distance Dsmax between the statechanges of each barrier, with Dsmax being smaller thanthe jaw aperture a. If the second state change does notoccur while moving this distance, the detectedobject istoo large and the process must be stopped.• In some cases, the DLO can be detected successfully butcan still not be grasped. This occurs if the velocity ofthe feedmotion is too high. In this case, the cabletouches the gripper body (and thus starts oscillating!)before the feed motion is stopped. This error can be de-tectedby using the one-way barrier. For succeedinginpicking up the DLO, the one-way must be interruptedafter closing the jaws. If this is not fulfilled, the com-plete process may be repeatedwith reducedfeedingvelocity.Generally, the algorithm requiresthat the DLO to bepicked up does not move. This requirementcan be met inmost cases. However, it is found that oscillations of theDLO do not disturb the process as long as their amplitudeis low.3.3 TimingAny change of state is processedby the light barrierswithin a response time DtBarrier which is typical for eachbarrier. The state of change is transferredto the robot con-troller via interrupt port which is processedwith an uncer-tainty DtInterrupt. So the total time uncertainty is given byDt˚=˚DtBarrier˚+˚DtInterruptBeing v the (constant) motion speed of the gripper, thedistance uncertainty is thus given by:Dx˚=˚v˚Dt,where Dx always points into the direction of the grippermotion.Please note that an object may not be detectedat all ifthe time between the two state changes of a barrier is tooshort (i.e., the velocity is too high). This may be causedeither by the light barrier which does not give the interruptsignal or by the robot controller which ignores very shortpulses on the interrupt lines.3.4 Further Influence FactorsBesides the parametersdiscussedabove, some additionalfactors have to be considered:Becausethe state change of a reflex barrier is triggeredby an intensity change of the reflectedlight, it is obviousthat both the responsiveness and the response time of areflex barrier dependsignificantly on the optical propertiesof the reflecting object. For achieving high responsiveness,the intensity change should be as high as possible. There-fore, a plain white surface of the DLO is suited best. Notethat this does not hold true for the one-way barrier wherethe light beam is interrupted by the DLO. In this case, theresponsiveness is independentof the optical properties ofthe workpiece surface, as long as it is opaque.Besides the optical properties of the DLO, the measuringdistance of the reflex barrier has a major influence on re-sponsiveness and response time. The best values areachievedif the object is in the middle of the measuringrange while they are considerablyworse especially at thedistant range limit.4 EXPERIMENTS4.1 Experimental SetupFor investigating the feasibility and reliability of the al-gorithm described above, the following experimental setupis used:The robot system is a KUKA KR˚15 industrial robotwith 6˚DOF and 15˚kg payload which is controlled by aPC-based robot controller KR˚C1.The robot program is written in the C-like KUKA RobotLanguage (KRL). For connecting the light barriers, twointerrupt inputs are used which can be readby KRL. Therobot is equippedwith a standardpneumatic parallel jawsgripper with prismatic jaws and jaw aperture a˚=˚20˚mm.It is controlled by two proportional valves [5].The cable form is hanging freely in a gallows which isset up using a purchasable construction kit (Figure˚4, left).The position and orientation of the gallows are approxi-mately known.Light barrier B1 is an infraredreflex barrier SICKWT˚30-11 with a measuring range of (15..100)˚mm. Theresponse time DtBarrier is specified with 15˚ms. This barrieris mounted on top of the gripper. BarrierB2 is a miniature

B1B2B2Figure˚4:Experimentalsetup:Cable form hangingin a gallows (left)and gripper with reflex barrier B1 and one-way barrier B2 (right)

infraredone-way barrier which is integratedinto the grip-ping jaws (Figure˚4, right).As test objects, the cable forms for the driver’s door ofthe MERCEDES Class˚C and Class˚A shown in Figure˚1areused.4.2 Experimental ResultsIn an experimental study, the influence of the followingfactors on the reliability is investigated:• scan velocity vS,• scan distance d between barrier B1 and cable form, and• type of cable form.The experiments are performedunder the following condi-tions:• scan distance d˚=˚0.08˚m (if not specified otherwise),• feedvelocity vF˚=˚0.1˚m/s (the feedvelocity alwayshas to be quite low to prevent the cable touching thegripper body. At this speed, detecting the cable is notcritical),• 100 single trials per experiment.In every trial, we distinguish three possible results:• successful˚(s): the cable form could be picked up and ispositioned correctly in the prism of the gripping jaws,• false˚(f): the cable form could be picked up, but is notpositioned correctly, and• unsuccessful˚(u): the trial failed and the cable formcould not be picked up at all.For each experiment, the number H of successful, false andunsuccessful trials is given.The influence of the scan velocity vS on the reliabilityfor cable form A is shown in Figure˚5. The result verifiesthe assumption that the reliability decreasesif the velocityof the scan motion is increased.The false trials are causedby an edgeof the gripping jaws touching the cable beforegrasping it. For very high scan velocities (vS˚=˚0.8˚m/s)the cable form sometimes could not be gripped at all due todelayed interrupt signals in some cases.Please note that the uncertainty of the interrupt detectionof the KR˚C1 controller is specifiedwithDtInterupt˚=˚14˚ms. With DtBarrier˚=˚15˚ms for the reflexbarrier, the total uncertainty is Dt˚=˚29˚ms. This resultsin a positional uncertainty Dx˚=˚5.8˚mm for the lowestvelocity vS˚=˚0.2˚m/s. Regarding the gripper aperturea˚=˚20˚mm and the diameterDA˚=˚13˚mm of the cableform, this uncertainty is hardly tolerable. However, thereliability is 100% in this case. For a scan velocityvS˚=˚0.4˚m/s, the positional uncertainty isDx˚=˚11.6˚mm which is far too much. However, thereliability is still 98%, because the uncertainty only givesa worst case estimation. The real positional error is muchsmaller in most of the trials.Figure˚6 shows the influence of the optical properties ofthe DLO surface. While cable form A is taped with a blacktextile tape, cable form C consists of multiple single ca-bles with PVC sheathings of differentcolors. Obviously,the reliability is much higher for cable form C than forcable form A if the scan velocity is high. Note that forcable form C no trial is completely unsuccessful even forvS˚=˚0.8˚m/s. For this velocity, the nominal total posi-tional uncertainty is Dx˚=˚23.2˚mm! In an additionalse-ries, the black surface of cable form A is taped with a plainwhite PVC tape (A w). In this case, a reliability of 99% isobtained. This experiment shows the high dependenceofDtBarrier on the optical properties of the workpiece.In principle, cable form C might not be detectedat allby either of the barriers if the clearancebetween the singlecables is considerable. However, this could not be observedin the experiments. It is supposed, that this effect occurs iflaser instead of infraredlight barriers are used, since thefocal point is considerably smaller for laser barriers.The influence of the scan distance d on the reliability forcable form C with a scan velocity vS˚=˚0.6˚m/s is shownin Figure˚7. For d˚=˚0.08˚m, the reliability is 100%.(Note that this could obtained for cable form A only with ascan velocity vS˚=˚0.2˚m/s, see Figure ˚5!). At a scan

0204060801000.2

0.6 0. 8 v S [ m/ s] f uFigure 5: Influence of the scan velocity vS on the gripping reliability forcable form A

020406 01 0 0 A A w C s f uFigure˚6:Influenceoftheopticalpropertiesofthecableonthegrippingreliability. A: Class A, A w: Class A white taped, C: Class C

distance d˚=˚0.1˚m (which is the specifiedlimit of themeasuring range of the reflex barrier), the cable form couldnot be detected in 9% of the trials.5 CONCLUSIONSThe investigation shows that the problem of picking uphanging DLOs can be solved by a simple algorithm andlow-cost sensor systems if certain boundary conditions canbe met. The scan distance d, the scan velocity vS and thecolor and surface of the DLO are identifiedto be the majorinfluence parametersand investigated in an experimentalstudy. Generally, increasing the scan velocity effects adecreasein reliability. A reliability of 100% can beachievedif the scan velocity is moderate. The thresholdvalue for achieving a reliability of 100% can be signifi-cantly increasedif the cable has a light plain surface. Forachieving best results, the scan distance should be in themiddle of the measuring range of the reflex barrier. The time requiredfor performing the complete process(scanning, feedingand grasping) is supposed to be com-pletely sufficient for typical industrial applications. How-ever, it may be further optimized for special applications,e.g., by carefully choosing the object color and using a(laser) reflex barrier with a short response time. Using two light barriers proves to be a good solutionfor the picking-up problem if no backgroundmust be con-sidered.However, if the DLO is lying on an irregularshaped surface or any obstacles within the measuring rangehave to be considered, a more general approach is needed. Inthese cases, a light-section laser scanner gives all infor-mation required without having the complexity of a stereovision system. This approach is currently beinginvestigated.ACKNOWLEDGMENTSThe work describedin this paper was fundedby theEuropean Commission in the frameworkof theBriteEuram-projectHANDFLEX (Integratedmodular solu-tion for HANDling of FLEXible materials in industrialenvironments). We want to thank the DAIMLER CHRYSLERAG for supplying the cable forms.REFERENCES [1]Henrich D., OgasawaraT., W�rn H.: "Manipulatingdeformablelinear objects: Contact states and pointcontacts". In: Proc. 1999 IEEE International Sympo-sium on Assembly and Task Planning (ISATP’99),Porto, Portugal, July 21-24, 1999.[2]Inoue, L., Inaba, M.: "Hand-EyeCoordination inRope Handling". In: The First International Sympo-sium on Robotics Research, pp. 163-174, MIT Press,Cambridge, Massachusetts, 1984.[3]Morrow, J. D., Khosla, P. K.: "Manipulation taskprimitives for composing robot skills". In: Proc.1997 IEEE Int. Conf. on Robotics and Automation,pp. 3354-3359, Albuquerque, USA, April 1997. [4]Nakagaki, H., et al.: "Study of Deformation and Inser-tion Tasks of a Flexible Wire". In: Proc. 1997 IEEEInt. Conf. on Robotics and Automation, vol.˚3,pp.˚2397-2402, Albuquerque, USA, April 1997.[5]Remde, A., Henrich, D., and W�rn, H.: "FlexibleSteuerung pneumatischer Greifer" (Flexible control ofpneumatic grippers). In: F&M: Zeitschrift f�rElektronik, Optik und Mikrosystemtechnik, vol.11/12 1998, Carl Hanser Verlag, Munich, Germany,1998.[6]Remde, A., Henrich, D., and W�rn, H.:"Manipulating deformablelinear objects: Contactstate transitions and transition conditions". In: Proc.1999 IEEE/RSJ Int. Conf. on Intelligent Robots andSystems (IROS’99), Kyongju, Korea, October 1999. [7]Smith, P. W.: "Image-BasedManipulation Planningfor Non-rigid Objects". In: Proc. 1998 IEEE Int.Conf. on Robotics and Automation, vol.˚4,pp.˚3540-3545 Leuven, Belgium, May 1998. [8]Wakamatsu, H., Hirai, S., Iwata, K., "Modeling ofLinear Objects Considering Bend, Twist and Exten-sional Deformations", In: Proc. 1995 IEEE Int. Conf.on Robotics and Automation, vol.˚1, pp.˚433-438,Nagoya, Japan, May 1995.

0204060801008

[c m] H s uFigure˚7:Influenceofthescandistanced on the reliability