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Abstra
tThis paper presents our approa
h to upgrade standardrobots in industrial use with a 3dof mi
ro positioningsystem (mps) to 
ompete with expensive high pre
isionrobots in assembling tasks. The autonomous mps 
on-sisting of di�erent mi
rosystems is pla
ed between therobot's hand and the gripper. The stati
 positioningand feeding displa
ements as well as the toleran
es ofthe obje
t's dimensions and the dynami
 robot vibra-tions are sensed with the mps's miniature sensor sys-tem. The 
orre
tion movement is done by the mps'smi
ro piezo a
tuators. Thus rea
hing an a

ura
y ofabout 10 mi
rons and a redu
tion of the mounting 
y-
le time. The high pre
ision 
an be rea
hed be
ausethe mps is fo
used on the movement of the obje
t to bemounted and the position of the target. The mps is a
exible system, that 
an be used with di�erent kind ofrobots, be
ause neither the robot's 
ontrol system northe robot itself has to be 
hanged.1 Introdu
tionAssembling of produ
ts 
onsisting of mi
rosystems hasto deal with problems, whi
h are 
aused by the smalldimensions and toleran
es of the obje
ts. As a 
onse-quen
e, the manipulator in the assembling task mustmaintain a high pre
ision and quality. This is the rea-son why automation in this �eld is only e
onomi
 forprodu
ts with a high number of pie
es. In additionthe high variety of mi
ro parts in produ
ts with amidrange or small number of pie
es makes automati
assembly diÆ
ult. Therefore, nowadays the most stepsare done manually, e.g. the assembly of the gears of ananalog radio 
ontrolled wat
h. This 
auses the prob-lem, that human errors o

ur, e.g. damaging sensitive�e-mail: robl,petters�lpr.e-te
hnik.tu-muen
hen.deye-mail: mppi07�rzmail.uni-erlangen.deze-mail: udo�fgb5.fgb.mw.tu-muen
hen.dexe-mail: andreas�mpe-mu
.de

parts or not assembling pre
isely enough. This resultsin long 
y
le times and high personal 
osts. A re�ne-ment of known assembling methods in addition to thedevelopment of new approa
hes makes sense be
ausethe required pre
ision in the produ
tion is determinedby the respe
tive assembling step.Nowadays, there are many produ
ts with toleran
esof some mi
rons, e.g. 3D-MIDs1. Spe
ialized high pre-
ision robots 
an rea
h an a

uray of about one mi
ron[3℄. These expensive and un
exible robots 
an only beused in produ
ts with a high number of pie
es as men-tioned above. Standard robots in industrial use with6dof are very 
exible and have relative low pri
es, butthey don't rea
h the needed pre
ision (see se
tion 2).They 
an only join parts with greater toleran
es thantheir own position a

ura
y. Although surfa
e mountsystems are pre
ise and fast, they have not the 
apabil-ity with their 3dof to perform 
omplex mounting taskslike 3D-MID-mounting. Using a mi
ro-ma
ro 
on
eptis not new, but these systems are either spe
ialized forone appli
ation [1℄ or not 
apable of assembling mi
roparts [2℄.We present a new approa
h in 
ombining an indus-trial standard robot as ma
ro-a
tuator with the mpsas a mi
ro a
tuator. So we 
an take advantage of therobot`s 
exibility and low pri
e and in
rease its pre-
ision with the mps. The mps 
onsist of a 
ompa
ta
tuator unit with di�erent mi
rosystems and a 
on-trol and signal pro
essing unit. The a
tuator unit ispla
ed between the robot's arm and the gripper. The
ontrol and signal pro
essing unit is pla
ed somewherebeneath the robot. Figure 1 shows a sket
h of thewhole system with the industrial robot St�aubli RX90.In the next se
tion we dis
uss the ina

ura
ies of thisrobot that have to be 
ompensated. In se
tion 3 we de-s
ribe our miniature sensor system, that senses stati
displa
ements of the robot and the feeder as well as1Moulded Inter
onne
t Devi
e1
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Figure 1: robot and mps in prin
iplethe toleran
es of the obje
t's dimensions with a CCD-
amera and image pro
essing. Dynami
 vibrations aremeasured with a triaxial a

elerometer system, that isadditionally used to feed the 
ontrol system during thedead time of the image pro
essing algorithm. Se
tion4 presents the mi
ro piezo a
tuator, whi
h performsthe 
orre
tion movements as an a
tive 
ompensation[3℄ in
reasing the a

ura
y of the whole system to somemi
rons. Our 
ontrol system taking advantage of thesystemati
 ina

ura
ies of the robot is des
ribed in se
-tion 5. The last se
tion shows intermediate results andthe further work.2 Standard Robots' VibrationsA number of measurements with the St�aubli RX90robot were pro
essed, in order to determine the stati
and dynami
 ina

ura
ies of standard robots that 
an
arry 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 
ommer
ial 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 tea
hing of starting and ending point) dif-ferent orthogonally oriented straight traje
tories witha length between 50 and 80
m and determined thedeviations with a resolution of about 1 mi
ron, whilethe robot's arm was moving. Figure 2 shows a sam-ple reading for a translatory deviation. The derivedresults are as follows:{ displa
ement, when moving to the same tea
hedposition several times: <40�m, <0.03Æ.{ translatory displa
ements: between 300�m and700�m dependent from the length of the traje
-tory. The displa
ements of di�erent runs on thesame traje
tory are reprodu
eable within a range
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 distance [mm]Figure 2: sample translatory deviationof about 40 mi
rons. This fa
t is used for 
ontrol-ling the mps (se
tion 5).{ rotatory deviations: The rotations around the twoaxis orthogonal to the traje
tory are less then0:13Æ, but rotations around the traje
tory areabout one magnitude higher.{ a

elerations: orthogonally to the movement dire
-tion below 3ms2{bandwidth of vibrations: Figure 3 shows the fre-quen
ies of the vibrations during movement alonga traje
tory. The bandwidth is limited to frequen-
ies below 80Hz. The in
reasing spe
tral den-sity at low frequen
ies during strong a

elerations(start and stop) is 
aused by the inertia of therobot's mass.{ in
uen
e of velo
ity: The displa
ements are in
reas-ing when moving with a higher velo
ity, but thereis a strong 
orrelation referring to the lower ve-lo
ity.{ in
uen
e of dire
tion: The displa
ements betweenpositive and negative dire
tions 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,be
ause the orthogonal rotatory deviations are smallenough. Sin
e the measured displa
ements along theassembly axis are below the admissible deviations formounting tasks, a 
orre
tion of this dof is not ne
es-sary. Thus the mps needs two translatory dof to be2




apable to 
ompensate dynami
 displa
ements withinthe range of �300�m up to 80Hz plus stati
 toleran
esof 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 restri
t 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 pro
essing to mea-sure the deviations. Sin
e image pro
essing 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 se
ond kind ofsensor: a triaxial a

elerometer system. The stati
and low frequen
y deviations (< 10Hz) are measuredwith the CCD-sensor, the higher frequen
ies with thea

elerometers. The syn
hronization of sensor data isdone with the help of time stamp of a realtime 
lo
ktaking into a

ount the sensor delays.3.1 Triaxial a

elerometer systemThe a

elerometer system should be able to determinea

elerations 
aused by vibrations up to 80Hz very pre-
isely (down to 0.1mg). Therefore, we use 
apa
itivea

elerometers, whi
h sense vibrations down to DC.These kinds of sensors 
an be driven in 
losed-loopappli
ations. Piezo resistive a

elerometers are notsuitable for measuring su
h low frequen
ies with theirequired pre
ision be
ause of their higher typi
al er-rors [9℄. Sin
e we need the a

elerometers to feed the
ontroller within the dead time of the image pro
ess-ing, the in
oming signal has to be integrated twi
e.Typi
al errors of an inertial measurement system haveto be redu
ed, be
ause 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 to
ompensate measurement errors. The methods we useto avoid the typi
al errors are des
ribed as follows.{ assembling errors: The deviations from the idealorthogonally oriented axis 
an be determined asdes
ribed in [8℄ for triaxial systems.{ temperature drift: is redu
ed using a di�erential
apa
itor sensor and is 
ompensated with a-prioridetermined 
orre
tion values stored in a look-uptable.{ stati
 errors: e.g. ampli�er o�sets; are �ltered o�with a suitable numeri
al �lter (ba
kward-eulerintegration after numeri
al derivative). The in-tegrator of the last stage (distan
e) is referen
edafter ea
h frame with the CCD-sensor and the ref-eren
e for the previous integrator (velo
ity) is esti-

mated analyzing the di�eren
e between referen
eand integrated signal.{ o�-axis sensitivity and dynami
 behaviour: Ea
ha

elerometer senses an a

eleration whi
h is or-thogonally oriented to its sensitive axis. The sig-nals delivered from the triaxial sensor system are
oupled as shown in �gure 4 in a 3x3 transfer ma-trix 
onsisting of PT2-transfer fun
tions. The in-version of this matrix is impossible be
ause of thedelay time of a PT2-system. So we estimated thetransfer fun
tions of the 'Inverse Transfer Matrix'with a CASE-Tool dire
tly from measured data.The p-
anoni
al stru
ture 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 redu
ed by adding zeros tothe poles of the 'inverse' PT2-system.The ne
essary prepro
essing of the sensor data isdone in realtime on a DSP. We have examined severaldi�erent types of a

elerometers from low-
ost to high-end sensors. The des
ribed prepro
essing methods 
anbe su

essfully used with all of them. The pre
ision ofthe sensors 
ould be in
reased by a fa
tor between 5-10depending on the sensor type.
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Figure 4: stru
ture of the transfer matrix and the 
om-pensation �lter3.2 Opti
al sensor systemThe opti
al sensor system of the mps is based on an op-ti
al imaging system (
alled smart opti
), a CCD sen-sor and an image pro
essing system. The system pro-vides highest 
exibility and 
ompa
tness, be
ause theCCD sensor and the opti
al imaging system is pla
edon the mps.smart opti
. There are several requirements for theopti
al imaging system:3



{ its 
omponents should have small dimensions andlow mass,{ obje
ts with di�erent dimensions have to be imagedin rather good quality. A 
ommon approa
h is theuse of autofo
us,{ the obje
t size must be 
ontrolled in order to esti-mate the distan
e of target and di�erent obje
tsto be mounted, Therefore, an suitable zoom sys-tem has to be realized.{ the entire system has to be low 
ost.Commer
ial available state-of-the-art imaging systemsdo not ful�ll all these above requirements. Thus a newimaging system for the mps was developed. The basi
idea is to repla
e standard �xed fo
us glass lenses with
exible lenses having deformable surfa
es. In prin
iplea 
ombined autofo
us/zoom system 
an be realized byarranging just two 
exible lenses in a row. A

ordingto the appli
ation the obje
tive parameters su
h aslens aperture, lens distan
e, sensor position and stopposition have to be 
al
ulated by using opti
al designtools.The used 
exible lenses have a liquid enterior (gly
-erine) 
overed with a transparent 
exible membrane(sili
one) and a glass plate. The surfa
e shape is 
on-trolled by an external mi
ropump. This lens 
on
eptmakes lens powers from -30 to +30 diopters possible.In order to redu
e opti
al aberrations su
h as distor-tion, an image analysis algorithm was developed andimplemented in the 
ontrolling system of the mps.Image Pro
essing System. The image pro
essingsystem is used to referen
e the a

elerometer systemand to sense the stati
 displa
ements des
ribed above.In order to obtain high pre
ision it is important tokeep the 
hain of toleran
es as short as possible. Thisis a
hieved by dete
ting dire
tly the relative positionbetween the target and the obje
t to be mounted. Asurvey of many options resulted in the use of imagepro
essing.Only the two horizontal 
oordinates (x,y) are of in-terest, if the 
amera is lo
ated exa
tly verti
al abovethe assembly plain. Be
ause of geometri
al restri
tionsit is not always possible to mount the 
amera there.In many 
ases it has to be in
lined to see obje
t andtarget at the same time. So the 
oordinate perpendi
-ular to the assembly plane (z) in
uen
es the x- andy-
oordinates in the image. In 
onsequen
e it has tobe measured, too.On the one hand the opti
al sensor system has tobe 
ompa
t and of low mass and on the other handit should be 
apable to deliver the position data at afrequen
y of at least 5Hz. So the usual approa
hes for3D-sensing like stereo imaging, autofo
us and the useof stru
tured illumination are not suitable.
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BlurFigure 5: The x- an y-
oordinates in the image depend onthe z-
oordinate whi
h 
an be measured from the blur.The new method developed for this proje
t obtainsthe 
ontours of the obje
t and the target in the imageplane by a fast 
ontour tra
er [6℄(pro
essing time: 82.9ms on a DEC alpha �175MHz per 512x512 frame)and mat
hes them with given modells to get the x-y
oordinates. The obje
t distan
e b is dedu
ed from theblur of the edges 
aused by being out of fo
us (�gure5)[10℄[5℄.The 
onvolution of the obje
t with the lens' pointspread fun
tion (PSF) yields a spe
i�
 amount of blurof the edges depending on the 
oordinates. By 
al-
ulating this blur for di�erent obje
t planes a lookuptable 
an be generated. So the z-
oordinate 
an beobtained from the measured blur very fast, just by lin-ear regression using that lookup table. To examinethe a

ura
y of this method, in a �rst step a CCD
amera re
orded some shifts �z of a bla
k-white-edge.These shifts were measured by the 
hange of the blurand 
ompared with the values of a Zeiss-interferometerused as referen
e. It was shown that �z 
an be deter-mined with a maximum deviation of 40� in a range of9mm and a blur of up to 50 pixels of the CCD 
hip. Atan in
lination �=5Æ this refers to a horizontal devia-tion in the image of just 3.5�m. So the position of thetarget 
an be determined with an a

ura
y better than5�m in
luding the deviation of the 
ontour tra
er.4 Mi
ro A
tuatorThe mi
ro a
tuator has to perfom the 
ompensationmovements of the mps, a

ording to the requirementsdes
ribed above. Therefore, a me
hanism has to befound, whi
h enables to move along distan
es fromabout 0.7 mm in the two dire
tions in the assembly-plain and about 0.8 degrees around the assembly axis,ea
h seen in positive and negative tenden
y froman equilibrium position. Furthermore good dynami
properties are needed, be
ause the deviations pro
eedup to frequen
ies of 80 Hz. The suitability of the dif-4



ferent a
tuator's prin
iples for stati
 and dynami
 ap-pli
ations should be 
onsidered. A piezoele
tri
 prin-
iple was 
hoosen in order to obtain a good dynami
behaviour of the mi
ro a
tuator. The problem hereis the low strain of piezoele
tri
 a
tuators. Applyingele
tri
al �elds of about 2 kV/mm the strain is typi-
ally 1300ppm of the a
tuator-length [11℄. That is thereason why usually applied a
tuators 
an only move0.1 mm or less. A high ratio has been 
hoosen toa
hieve the demanded distan
es. On the other hand,this ratio de
reases the sti�ness of the me
hanism.One solution of this problem is an integral arrange-ment of the single a
tuators. This means, that forall movememts all a
tuators are used. This 
on
eptmakes a light stru
ture possible.

Figure 6: draft of the tripod-a
tuatorA

ording to this a �rst prototype 
alled 'tripod'was developed. It is not really a tripod, be
ause it isbuild out of three sti
ks 
alled swingle and three a
u-ators (�gure 6). The three swingles are 
oupled ea
hwith two ball joints between a top and a bottom plate.The ball joints are performed as elasti
 
antilever toprevent e�e
ts of fri
tion. 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 a
tuators are disposed, whi
h
an move the bottom plate in two degrees of freedom.The third a
tuator is to give a 
onstant stress to thetwo others in ea
h 
ase. Tests have shown that thestrain of a 
onstantly prestressed piezoele
tri
 a
tuatoris better than of one with no prestress [12℄ . Further-more a piezoele
tri
 a
tuator is mu
h better in pushinga load than in pulling. In the me
hanism one a
tuatoris antagonist to the two (or one) others in every 
ase.So the whole a
tuator is able to perform the reversea
tion by pushing.The a
tuators are 
oupled between the top-plate andthe bottom-plate afresh with two ball joints ea
h. Thejoints are shaped out of a bronze-ball and a steel-
onewith respe
t to the height of the a
tuator. The disad-vantage of e�e
ts of fri
tion 
an be minimized by polish
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Figure 7: step response for a kartesian translationthe 
omponents with graphite-powder. The sti�ness
an be in
reased by forming the 
one with a steel-ballof the same diameter as the bronze ball, to get bettersurfa
e 
onta
t. The assembly positions of the a
tua-tors are like the edges of a tetraeder.The step response for a kartesian translation ofthe tripod's bottom plate (e.g. one piezo a
tuator ispulling and two piezo a
tuators are pushing) is shownin �gure 7. Figure 8 shows the transfer fun
tion in therange from 100Hz to 250Hz. The additional resonantfrequen
y at 145Hz is probably 
aused by a resonan
ein one of the restri
ted dof. This fa
t 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{ me
hani
al resonant frequen
y: about 350 Hz{ Operating voltage: 100V�100V
Figure 8: transfer fun
tionThe rotation around the assembly axis is not yetintegrated to the a
tuator. Con
eivably the rotation
an be performed with a stepper or an additionallyintegrated piezoele
tri
 a
tuator. A prototype of theversion with the fourth a
tuator is in pro
ess.5 Predi
tive Control SystemThe analysis of the deviations for repeating mountingtasks, e.g. 3D-MID, has shown the important fa
t,mentioned in se
tion 2: A remarkable amount of thesedeviations is reprodu
able. Ea
h time the robot makesthe same movements the major parts of the deviationsare identi
al. The velo
ity in
uen
es the shape of thedeviations depending on the distan
e from the starting5



point. These fa
ts 
an be explained with systemati
errors e.g. nonlinearities of the robot 
ontrol and tol-eran
es 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 qui
kly. Based on thiswe have designed a predi
tive 
ontrol algorithm. Thepredi
tion is ne
essary sin
e the sensor system, thea
tuators and last but not least the 
ontrol algorithmitself have delays.The error measured by the sensor system is storedand mat
hed to a referen
e whi
h is taken at an initialmounting 
y
le (
alibration) . If the mat
h is foundit is possible to look a few mi
rose
onds ahead, de-pending on the 
urrent delays of the system. Thisdata is 
omputed with the inverse transfer fun
tionsof sensors and a
tuators. The a
tuators of the mpsare driven with this estimated data. Figure 9 gives anoverview of the 
ontrol algorithm.The quality of the referen
e is 
ontinually re�nedby taking the deviations of every single assembly mo-tion into a

ount. This allows to adapt the algorithmto slow 
hanges in the environment. An example istemperature whi
h may 
hange the kinemati
 lengthof the robot. As another point slight 
hanges in thevelo
ity of the robot 
an be done without stimulat-ing the robot. This allows to in
rease assembly speedwith in
reasing quality of the referen
e, sin
e one ini-tial mounting 
y
le supplies a good but suboptimalreferen
e.As a 
alibration the robot performs the movementne
essary for the assembly task without the obje
t tobe mounted. This is ne
essary to prevent the destru
-tion of the obje
t.The algorithm des
ribed above has been imple-mented and tested on real robot data. The initial de-viations of up to 700�m 
ould be redu
ed to about�20�m. The deviations left by this algorithm shouldbe redu
ed by an 
onventional 
ontrol algorithm, e.gstate spa
e 
ontrol algorithm with a Kalman state es-timator. Therefore, in future work it is ne
essary toidentify the transfer fun
tions of the whole system.
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6 Con
lusionThe 
omponents of the mps presented in this arti
leare already realized as prototypes. They all are testedonly as standalone parts with real data, obtained fromthe measurements des
ribed in se
tion 2. The nextstep is on the one hand to re�ne the prototypes andon the other hand to test the intera
tion between thesingle 
omponents with a hardware in the loop simu-lation of the whole mps. A problem will be the rightsyn
hronization of the data of ea
h sensor for the 
on-trol system. The results of the single prototypes show,that our approa
h will ful�ll the given requirements.A
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