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AbstratThis paper presents our approah to upgrade standardrobots in industrial use with a 3dof miro positioningsystem (mps) to ompete with expensive high preisionrobots in assembling tasks. The autonomous mps on-sisting of di�erent mirosystems is plaed between therobot's hand and the gripper. The stati positioningand feeding displaements as well as the toleranes ofthe objet's dimensions and the dynami robot vibra-tions are sensed with the mps's miniature sensor sys-tem. The orretion movement is done by the mps'smiro piezo atuators. Thus reahing an auray ofabout 10 mirons and a redution of the mounting y-le time. The high preision an be reahed beausethe mps is foused on the movement of the objet to bemounted and the position of the target. The mps is aexible system, that an be used with di�erent kind ofrobots, beause neither the robot's ontrol system northe robot itself has to be hanged.1 IntrodutionAssembling of produts onsisting of mirosystems hasto deal with problems, whih are aused by the smalldimensions and toleranes of the objets. As a onse-quene, the manipulator in the assembling task mustmaintain a high preision and quality. This is the rea-son why automation in this �eld is only eonomi forproduts with a high number of piees. In additionthe high variety of miro parts in produts with amidrange or small number of piees makes automatiassembly diÆult. Therefore, nowadays the most stepsare done manually, e.g. the assembly of the gears of ananalog radio ontrolled wath. This auses the prob-lem, that human errors our, e.g. damaging sensitive�e-mail: robl,petters�lpr.e-tehnik.tu-muenhen.deye-mail: mppi07�rzmail.uni-erlangen.deze-mail: udo�fgb5.fgb.mw.tu-muenhen.dexe-mail: andreas�mpe-mu.de

parts or not assembling preisely enough. This resultsin long yle times and high personal osts. A re�ne-ment of known assembling methods in addition to thedevelopment of new approahes makes sense beausethe required preision in the prodution is determinedby the respetive assembling step.Nowadays, there are many produts with toleranesof some mirons, e.g. 3D-MIDs1. Speialized high pre-ision robots an reah an auray of about one miron[3℄. These expensive and unexible robots an only beused in produts with a high number of piees as men-tioned above. Standard robots in industrial use with6dof are very exible and have relative low pries, butthey don't reah the needed preision (see setion 2).They an only join parts with greater toleranes thantheir own position auray. Although surfae mountsystems are preise and fast, they have not the apabil-ity with their 3dof to perform omplex mounting taskslike 3D-MID-mounting. Using a miro-maro oneptis not new, but these systems are either speialized forone appliation [1℄ or not apable of assembling miroparts [2℄.We present a new approah in ombining an indus-trial standard robot as maro-atuator with the mpsas a miro atuator. So we an take advantage of therobot`s exibility and low prie and inrease its pre-ision with the mps. The mps onsist of a ompatatuator unit with di�erent mirosystems and a on-trol and signal proessing unit. The atuator unit isplaed between the robot's arm and the gripper. Theontrol and signal proessing unit is plaed somewherebeneath the robot. Figure 1 shows a sketh of thewhole system with the industrial robot St�aubli RX90.In the next setion we disuss the inauraies of thisrobot that have to be ompensated. In setion 3 we de-sribe our miniature sensor system, that senses statidisplaements of the robot and the feeder as well as1Moulded Interonnet Devie1
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Figure 1: robot and mps in priniplethe toleranes of the objet's dimensions with a CCD-amera and image proessing. Dynami vibrations aremeasured with a triaxial aelerometer system, that isadditionally used to feed the ontrol system during thedead time of the image proessing algorithm. Setion4 presents the miro piezo atuator, whih performsthe orretion movements as an ative ompensation[3℄ inreasing the auray of the whole system to somemirons. Our ontrol system taking advantage of thesystemati inauraies of the robot is desribed in se-tion 5. The last setion shows intermediate results andthe further work.2 Standard Robots' VibrationsA number of measurements with the St�aubli RX90robot were proessed, in order to determine the statiand dynami inauraies of standard robots that anarry weights of about 6kg. The results were used toderive the requirements and hallenges for the mps andwere partially on�rmed with measurements of otherrobots within the same lass.We used two di�erent measuring systems to deter-mine the stati and dynami behaviour of the robot.The �rst one was a ommerial measuring system with6dof, 2dof are determined with an interferometer, theother degrees of freedom with PSDs) [4℄. The veri�a-tion system was a self- developed system and measured5dof with laser triangulation sensors. We programmed(that means teahing of starting and ending point) dif-ferent orthogonally oriented straight trajetories witha length between 50 and 80m and determined thedeviations with a resolution of about 1 miron, whilethe robot's arm was moving. Figure 2 shows a sam-ple reading for a translatory deviation. The derivedresults are as follows:{ displaement, when moving to the same teahedposition several times: <40�m, <0.03Æ.{ translatory displaements: between 300�m and700�m dependent from the length of the traje-tory. The displaements of di�erent runs on thesame trajetory are reprodueable within a range
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 distance [mm]Figure 2: sample translatory deviationof about 40 mirons. This fat is used for ontrol-ling the mps (setion 5).{ rotatory deviations: The rotations around the twoaxis orthogonal to the trajetory are less then0:13Æ, but rotations around the trajetory areabout one magnitude higher.{ aelerations: orthogonally to the movement dire-tion below 3ms2{bandwidth of vibrations: Figure 3 shows the fre-quenies of the vibrations during movement alonga trajetory. The bandwidth is limited to frequen-ies below 80Hz. The inreasing spetral den-sity at low frequenies during strong aelerations(start and stop) is aused by the inertia of therobot's mass.{ inuene of veloity: The displaements are inreas-ing when moving with a higher veloity, but thereis a strong orrelation referring to the lower ve-loity.{ inuene of diretion: The displaements betweenpositive and negative diretions are orrelated upto a hysteresis.
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Figure 3: FFT of robot's vibrationsThese results show that this lass of robots an onlybe used in tasks with less pretentious requirements.The mps has to ompensate only deviations in 3 dof,beause the orthogonal rotatory deviations are smallenough. Sine the measured displaements along theassembly axis are below the admissible deviations formounting tasks, a orretion of this dof is not nees-sary. Thus the mps needs two translatory dof to be2



apable to ompensate dynami displaements withinthe range of �300�m up to 80Hz plus stati toleranesof about 300�m. The rotatory dof around the assem-bly axis has to deal with deviations of about �0:6Æ.3 Sensor systemWe do not want to restrit the exibility of the robotby applying sensor systems, that need some gadgetnear the target, e.g. following a laser beam. Insteadwe use a CCD-sensor and image proessing to mea-sure the deviations. Sine image proessing is om-putational intensitive and the most CCD-ameras areworking at a �xed frame rate (50Hz) that is given bythe PAL-norm, we additionally use a seond kind ofsensor: a triaxial aelerometer system. The statiand low frequeny deviations (< 10Hz) are measuredwith the CCD-sensor, the higher frequenies with theaelerometers. The synhronization of sensor data isdone with the help of time stamp of a realtime loktaking into aount the sensor delays.3.1 Triaxial aelerometer systemThe aelerometer system should be able to determineaelerations aused by vibrations up to 80Hz very pre-isely (down to 0.1mg). Therefore, we use apaitiveaelerometers, whih sense vibrations down to DC.These kinds of sensors an be driven in losed-loopappliations. Piezo resistive aelerometers are notsuitable for measuring suh low frequenies with theirequired preision beause of their higher typial er-rors [9℄. Sine we need the aelerometers to feed theontroller within the dead time of the image proess-ing, the inoming signal has to be integrated twie.Typial errors of an inertial measurement system haveto be redued, beause otherwise the integrated sig-nals are drifting away very fast [7℄. That is the reasonwhy we are using a triaxial system, although we haveto determine only the two translatory degrees of free-dom in the assembly plain. The third sensor is used toompensate measurement errors. The methods we useto avoid the typial errors are desribed as follows.{ assembling errors: The deviations from the idealorthogonally oriented axis an be determined asdesribed in [8℄ for triaxial systems.{ temperature drift: is redued using a di�erentialapaitor sensor and is ompensated with a-prioridetermined orretion values stored in a look-uptable.{ stati errors: e.g. ampli�er o�sets; are �ltered o�with a suitable numerial �lter (bakward-eulerintegration after numerial derivative). The in-tegrator of the last stage (distane) is referenedafter eah frame with the CCD-sensor and the ref-erene for the previous integrator (veloity) is esti-

mated analyzing the di�erene between refereneand integrated signal.{ o�-axis sensitivity and dynami behaviour: Eahaelerometer senses an aeleration whih is or-thogonally oriented to its sensitive axis. The sig-nals delivered from the triaxial sensor system areoupled as shown in �gure 4 in a 3x3 transfer ma-trix onsisting of PT2-transfer funtions. The in-version of this matrix is impossible beause of thedelay time of a PT2-system. So we estimated thetransfer funtions of the 'Inverse Transfer Matrix'with a CASE-Tool diretly from measured data.The p-anonial struture of the applied ompen-sation �lter is also shown in �gure 4. This methodhas the advantage, that the delay time of the a-elerometers an be redued by adding zeros tothe poles of the 'inverse' PT2-system.The neessary preproessing of the sensor data isdone in realtime on a DSP. We have examined severaldi�erent types of aelerometers from low-ost to high-end sensors. The desribed preproessing methods anbe suessfully used with all of them. The preision ofthe sensors ould be inreased by a fator between 5-10depending on the sensor type.
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Figure 4: struture of the transfer matrix and the om-pensation �lter3.2 Optial sensor systemThe optial sensor system of the mps is based on an op-tial imaging system (alled smart opti), a CCD sen-sor and an image proessing system. The system pro-vides highest exibility and ompatness, beause theCCD sensor and the optial imaging system is plaedon the mps.smart opti. There are several requirements for theoptial imaging system:3



{ its omponents should have small dimensions andlow mass,{ objets with di�erent dimensions have to be imagedin rather good quality. A ommon approah is theuse of autofous,{ the objet size must be ontrolled in order to esti-mate the distane of target and di�erent objetsto be mounted, Therefore, an suitable zoom sys-tem has to be realized.{ the entire system has to be low ost.Commerial available state-of-the-art imaging systemsdo not ful�ll all these above requirements. Thus a newimaging system for the mps was developed. The basiidea is to replae standard �xed fous glass lenses withexible lenses having deformable surfaes. In priniplea ombined autofous/zoom system an be realized byarranging just two exible lenses in a row. Aordingto the appliation the objetive parameters suh aslens aperture, lens distane, sensor position and stopposition have to be alulated by using optial designtools.The used exible lenses have a liquid enterior (gly-erine) overed with a transparent exible membrane(silione) and a glass plate. The surfae shape is on-trolled by an external miropump. This lens oneptmakes lens powers from -30 to +30 diopters possible.In order to redue optial aberrations suh as distor-tion, an image analysis algorithm was developed andimplemented in the ontrolling system of the mps.Image Proessing System. The image proessingsystem is used to referene the aelerometer systemand to sense the stati displaements desribed above.In order to obtain high preision it is important tokeep the hain of toleranes as short as possible. Thisis ahieved by deteting diretly the relative positionbetween the target and the objet to be mounted. Asurvey of many options resulted in the use of imageproessing.Only the two horizontal oordinates (x,y) are of in-terest, if the amera is loated exatly vertial abovethe assembly plain. Beause of geometrial restritionsit is not always possible to mount the amera there.In many ases it has to be inlined to see objet andtarget at the same time. So the oordinate perpendi-ular to the assembly plane (z) inuenes the x- andy-oordinates in the image. In onsequene it has tobe measured, too.On the one hand the optial sensor system has tobe ompat and of low mass and on the other handit should be apable to deliver the position data at afrequeny of at least 5Hz. So the usual approahes for3D-sensing like stereo imaging, autofous and the useof strutured illumination are not suitable.
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ferent atuator's priniples for stati and dynami ap-pliations should be onsidered. A piezoeletri prin-iple was hoosen in order to obtain a good dynamibehaviour of the miro atuator. The problem hereis the low strain of piezoeletri atuators. Applyingeletrial �elds of about 2 kV/mm the strain is typi-ally 1300ppm of the atuator-length [11℄. That is thereason why usually applied atuators an only move0.1 mm or less. A high ratio has been hoosen toahieve the demanded distanes. On the other hand,this ratio dereases the sti�ness of the mehanism.One solution of this problem is an integral arrange-ment of the single atuators. This means, that forall movememts all atuators are used. This oneptmakes a light struture possible.

Figure 6: draft of the tripod-atuatorAording to this a �rst prototype alled 'tripod'was developed. It is not really a tripod, beause it isbuild out of three stiks alled swingle and three au-ators (�gure 6). The three swingles are oupled eahwith two ball joints between a top and a bottom plate.The ball joints are performed as elasti antilever toprevent e�ets of frition. The three forbidden dofs arethe two torsions in the assembly plane(�x; �y) and thetranslation along the assembly axis (uz). Between thetwo plates three piezo atuators are disposed, whihan move the bottom plate in two degrees of freedom.The third atuator is to give a onstant stress to thetwo others in eah ase. Tests have shown that thestrain of a onstantly prestressed piezoeletri atuatoris better than of one with no prestress [12℄ . Further-more a piezoeletri atuator is muh better in pushinga load than in pulling. In the mehanism one atuatoris antagonist to the two (or one) others in every ase.So the whole atuator is able to perform the reverseation by pushing.The atuators are oupled between the top-plate andthe bottom-plate afresh with two ball joints eah. Thejoints are shaped out of a bronze-ball and a steel-onewith respet to the height of the atuator. The disad-vantage of e�ets of frition an be minimized by polish
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Figure 7: step response for a kartesian translationthe omponents with graphite-powder. The sti�nessan be inreased by forming the one with a steel-ballof the same diameter as the bronze ball, to get bettersurfae ontat. The assembly positions of the atua-tors are like the edges of a tetraeder.The step response for a kartesian translation ofthe tripod's bottom plate (e.g. one piezo atuator ispulling and two piezo atuators are pushing) is shownin �gure 7. Figure 8 shows the transfer funtion in therange from 100Hz to 250Hz. The additional resonantfrequeny at 145Hz is probably aused by a resonanein one of the restrited dof. This fat will be examinedwith a FEM-simulation. The dimensions of the tripodare as follows:{ height: 80 mm{ diameter: 40 mm{ weight without sensors and gripper: 125 g{ translatory movements: � 0.6 mm{ mehanial resonant frequeny: about 350 Hz{ Operating voltage: 100V�100V
Figure 8: transfer funtionThe rotation around the assembly axis is not yetintegrated to the atuator. Coneivably the rotationan be performed with a stepper or an additionallyintegrated piezoeletri atuator. A prototype of theversion with the fourth atuator is in proess.5 Preditive Control SystemThe analysis of the deviations for repeating mountingtasks, e.g. 3D-MID, has shown the important fat,mentioned in setion 2: A remarkable amount of thesedeviations is reproduable. Eah time the robot makesthe same movements the major parts of the deviationsare idential. The veloity inuenes the shape of thedeviations depending on the distane from the starting5



point. These fats an be explained with systematierrors e.g. nonlinearities of the robot ontrol and tol-eranes of the length of the robot axis.They an be used to gain a better ontrol if the on-troling system is able to adapt quikly. Based on thiswe have designed a preditive ontrol algorithm. Thepredition is neessary sine the sensor system, theatuators and last but not least the ontrol algorithmitself have delays.The error measured by the sensor system is storedand mathed to a referene whih is taken at an initialmounting yle (alibration) . If the math is foundit is possible to look a few miroseonds ahead, de-pending on the urrent delays of the system. Thisdata is omputed with the inverse transfer funtionsof sensors and atuators. The atuators of the mpsare driven with this estimated data. Figure 9 gives anoverview of the ontrol algorithm.The quality of the referene is ontinually re�nedby taking the deviations of every single assembly mo-tion into aount. This allows to adapt the algorithmto slow hanges in the environment. An example istemperature whih may hange the kinemati lengthof the robot. As another point slight hanges in theveloity of the robot an be done without stimulat-ing the robot. This allows to inrease assembly speedwith inreasing quality of the referene, sine one ini-tial mounting yle supplies a good but suboptimalreferene.As a alibration the robot performs the movementneessary for the assembly task without the objet tobe mounted. This is neessary to prevent the destru-tion of the objet.The algorithm desribed above has been imple-mented and tested on real robot data. The initial de-viations of up to 700�m ould be redued to about�20�m. The deviations left by this algorithm shouldbe redued by an onventional ontrol algorithm, e.gstate spae ontrol algorithm with a Kalman state es-timator. Therefore, in future work it is neessary toidentify the transfer funtions of the whole system.
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