Balemietal.: Surfaceinspectionsystemfor industrialapplications. MechatronicandRobotics Aachen,Sept.2004 1

Surfaceinspectionsystemfor industrial applications

SilvanoBalemi JosephMoerschell Jean-Mardreguet
Universityof Applied Science®f Universityof Applied Science®f  SwissFederalnstituteof Technology
SoutherrSwitzerland[SUPSI) WesternSwitzerlandHEVs) (EPFL)
Departmenbf innovative technologies Infotronicsgroup Instituteof robotics
CH-6928Lugano-Manno CH-1950Sion CH-1015Lausanne
silvano.balemi@supshc joseph.moesthell@hers.ch jean-mac.breguet@ep .o
Dominik Brandlin StefanoBottinelli IvanoBeltrami
NanosurfAG Mecartex SA AGIE SA
R& D Zandone via ai Pioppi

CH-4410Liestal
braendlin@nanosurom

Abstact—Advancesin the designof exible structur escombined
with the useof voice-coilmotors allow the realization of positioning
and manipulation systemswith unprecedentedcharacteristics. In
this paper a portable surfaceinspection systemis presented.This
systemis an atomic forcemicroscopewhich is suitedfor inspecting
surfacesof interestin an industrial ernvironment.

It combinesportability , a high resolution,and a surfacescanning
rangeof 1 1mm which is relevant for industrial applications.

Keywords—Atomic force microscopy High precisioncontrol ap-
plications, Control SystemDesign

|. INTRODUCTION

Surface topographyis signi cant for surface performance.
Engineeringsurfacesare createdin variousways, typically by
machining,surfacetreatmentr coating. Most often, a combi-
nationof theseoperationss employedto producesurfaceswith
propertieghataredesirablefor a particularapplication.

Atomic Force Microscopes(AFMs) reveal submicrometer
surfacefeatureswhich are characteristiof the manugcturing
process. Suchfeaturesare not discernibleby classicalstylus
pro lometersor optical pro lers suchasautofocusor interfer
encepro lers. However, the scanningrangeof currentAFMs
is limited to a maximumof about150 m, which is often un-
satishctory Thus,portabledeviceswith largerscanninganges
exceedinglmm aredesired. Then,featureswhich arerelevant
for a givenmanufcturingprocessaremorelikely to be identi-

ed thanif only arandomlyselectedsmall scanningsurfaceis
inspected.

This paper rst presentghe generalandthe mechanicaton-
ceptof the system,then proceedswith the presentatiorof the
controldesignchoicesandof thecontrolsystermhardwaredevel-
opedto implementtheresultingcontroller Finally, it illustrates
with somemeasurementhe advantagessf the new system.

Il. ATOMIC FORCE MICROSCOPY

Atomic force microscoyy is performedby scanninga surface
alongmary parallellines (seeFigure 1), while a cantilever tip
touchesthe probesurface. In the so-calledcontactmode, the
contactforce mustbe keptasconstantspossibleby measuring
andenforcinga constante ection of thecantilever.

The speedf the scanningmotionis limited by thetrajectory
controlbandwidth:thelower thebandwidth thelongerthetime
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Fig. 1. Trajectoryfor scanninga surface(unitsin meters).

it takesfor thecantilesertip to switchfrom onescannindine to
the next oneandthusthe largerthe overall scanningime. For
the systemconsideredn this paperthereferencerajectoryhas
beenoptimizedsoasto reducethe requiredmotionbandwidth.

A sketchof the motionin vertical direction(whentravelling
alonga line on the surface),is showvn in Figure2. For a given

Cantilevertip

Fig. 2. Atomic force microscopescanninghe surfacealonga line:
cantileverde ection, surfaceprole, headelevation.

Cantilever

surfaceand underthe assumptiorthat the cantilever is ableto
keepcontaciwith thesurface,anincreasen horizontalscanning
speedcausedastermotionsin vertical direction. The control
bandwidthneededn verticaldirectionis in factproportionatlto
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Fig. 3. Mechanismwith xy-tablefor the horizontalmotionandz-axis
in seriesfor theverticalmotion.

thescanningspeedaccordingto therelation

where denotesthe surface space-frequenc (units in
m ). Cornversely for a given closed-loopbandwidth, the
rougherthe surface, the slower the scanningspeedhasto be.
In practice,control bandwidthin vertical directionis the factor
limiting the overall scanningime.

I1l. THE MECHANICS AND THE MODEL

The differentnatureof the motionsin the two control sub-
spacegtrajectorytrackingalongthe horizontalplane forcecon-
trol in theverticalaxis)andthefastercontrolbandwidthneeded
for theverticalaxisleadto the designof a mechanicaktructure
with a horizontal two-degree-of-freedonky-table and a one-
degree-of-freedonz-axis mountedon the table (seeFigure 3).
This mechanisnwasdesignedy using e xuresinsteadof con-
tactguiding elements With this choice,it is possibleto reacha
high bandwidthfor theverticalmotion( 900Hz).

A. Why exures?

Like plain or rolling bearings, e xuresarejoints connecting
solidmemberandpermittingrelatve motionin somedirections
while constrainingmotion in others. While plain and rolling
bearinggely uponthefriction or rolling of solid bodieson each
other e xuresusethe elasticpropertiesof matter This brings
numerousadwantagedor high precisionmechanismégl]:

Absenceof solid friction: plain or rolling contactbetween
solidsinevitably generatedriction, thusaffecting the behavior
of thejoints. Frictiondissipategnegy, causingnechanicahys-
teresis At low speedthe”stick  slip” phenomenomayinter-
mittently halt motion,limiting the resolutionof themovements.
Finally, friction is atthe origin of wear Flexuresarefree from
solidfriction.

Absenceof wear: wear reducesthe precisionof plain and
rolling bearingsbecauset alterstheir geometryandincreases
their mechanicaplay. Moreover, it is the main factorlimiting
thebearinglife-time. Flexuresdo not suffer from wearandtheir

life-time is limited only by the fatigue of the material. Good
designmaintainingthe stressbelow the fatiguelimit guarantees
theoreticallyin nite life-time.

Absenceof mechanicaplay: in orderto reachhigh precision,
plain androlling bearingsoften requirecomplicatedplay com-
pensatiormeasuresPlay is a non-linearphenomenomif cult
to copewith in control. By de nition, e xureshave noplay.

High stiffness: the stiffer the mechanicalstructuresof ma-
chinesthemoreprecisethey arestatically(whenexternalloads
areapplied)anddynamically(whenvibrationsoccur). Flexures
have high stiffnessin the constrainedlirections.

Compactand monolithic structures:plain androlling bear
ings aremadeof mary mechanicapartswhich areassembled.
Assemblyoperationsrequiremore bulky elementsand reduce
constructiorprecision.Wire-electrodischaye machining(wire-
EDM) allows to manufcturevery complex e xible structures
monolithically, thusproviding high compactnesandprecision.

Immunityto contaminationthewearandrequiredubrication
of plain androlling bearingdreesparticlesof matterwhich can
pollutethe air of cleanrooms.Also, in dirty environmentsdust
canpotentiallyhinderor evenblockthesebearings Flexuresare
perfectlycleanandarenotaffectedby dirt.

The simplestand mostcommonof all e xuresis probably
theparallelspringstageshovn on Figure4 andthe crossspring
pivot. They weretraditionallymadeof discretepartswhich had
to beassembled.

The adwent of nev manufcturingtechniquedik e lasercut-
ting and especiallywire-EDM allowed to realize monolithic
structureswith much more complex shapesandbetterguiding
properties.With someknow-how (e.g.[2]), it is now possible
to designstructureswith mary degreesof freedom,like the 3
translationsmanipulatompresentedn Figure5.

Fig. 4. One-dgree-of-freedonparallelleaf springstage.

B. XY-table

Thexy-tableis atwo-stageparallelkinematicstructurebased
on e xures[3]. Thestrokeis 1mmin bothdirections,in order
to insurescanningf a eld of Imm atconstantelocity.

Thescanassemblyvith two actuationsandtwo positionmea-
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Fig.5. 3DOF X-Y-Z manipulatotbasedn e xures(seedetalil).

surementss modelledasalinear2-by-2MIMO system.In fact,
the couplingbetweenthe x andthey motions,evenif it is two
decadegessimportantthanthedirectin uence of anactuatoion
its own axis,is notnggligible for theprecisiommeededThus,it is
adwantageouso identify eachof the four second-ordetransfer
functionsindividually, resultingin an 8th orderMIMO system
of theform

1)

The obtained8th order systemhasbeensuccessiely reduced

to a 4th orderone. The resultingbode diagramsof Figure 6
shav themainresonancérequenciegtaboutl8Hz. Thisis the
naturalfrequeng (directionof movement)of the xy-table.
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Fig. 6. Bodediagramfrom theidenti cation of the xy-table. The out
to te x-axesis above, the outputto they-axesis belaw.

C. Z-axis

The z-axismountedin serieson the xy-tableis anaxial stage
with e xible guidingmembranes.

In orderto achieve the highestpossibleclosed-loopband-
width in vertical direction, the z-axis hasbeendesignedwith

aslittle inertiaaspossible.

Themodelfor the z-axishasbeenobtainedthroughparamet-
ric identi cation. The correspondingode diagramis shown
in Figure7. It correspondso a secondordersystemwith res-
onanceat about90Hz (naturalfrequeny - direction of move-
ment).
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Fig. 7. Bodediagramamplitudefrom the parametriddenti cation of
thez-axis.

The couplingbetweerthe xy-tableandthe z-axisis not rele-
vantandcanbedisregarded.
IV. CONTROL DESIGN
A. XY-table

Thearchitectureof the controllerfor the horizontaltrajectory
is presentedh Figure8.

Fig. 8. Controlschemdor thexy-table.

A state-feedbackontroller stabilizesand dampsthe
closed-loopsystemawhile feed-fornardterms and
guarante@ goodtrackingof the desiredreferencdrajectoryup
to thetrajectorybandwidth.

B. Z-axis

The z-axis controller is a simple state-feedbaclkcontroller
with reduced-statebsener[4], asshovnin Figure9. Particular
attentionhadto be paidto the switch betweenpositioncontrol
(whenapproachinghe surface)andforce control (whenin con-
tactwith the surface). Becauseof the low stiffnessof the can-
tileverwith respecto thestiffnessof the e xurejoints,thesame
controllercould be exploitedfor bothoperatingconditions.



Fig.9. Controlschemdor thez-axis.

V. CONTROL SYSTEM

Becausef the requiredupperboundof 30son the scanning
time of, the scanningspeedmustreach50mm/s. In orderto
retrieve enoughmeasuremenpointsat this speedandin order
to obtain a high closed-loopbandwidthof the z-axis, a sam-
pling frequeny of 40kHz hasbeendetermined. This perfor
mancecanbe achievedthanksto a DSPfrom TexasInstruments
(TMSC6711)which controlstheverticalandhorizontaldynam-
ics. Sensor@&ndactuatorareplacedcloseto thescanninghead:
the communicatiorwith sensorsand actuatords implemented
with a serialcommunicatiorinterface(SPI).

For the xy-table, commercialvoice-coil motorsand optical
linear encodersvith 50nmresolutionand 1Vpp analogoutput
signalhave beenselectedln orderto obtainoptimumestimates
of the positionfrom the sinusoidalsignalsproducedoy the lin-
earencodersa customsignalinterpolationsubsystentasbeen
implemented.

As the z-axis must have the smallestpossibleinertia (both
in orderto maximize vertical motion bandwidthandin order
to reducethe in uence on the xy-table) customactuatorsanda
capacitve proximity sensoifor a motionrangeof 200 m have
beendeveloped.

Finally, the cantilever systemincluding the cantilever de ec-
tion sensorfrom currentproductsof Nanosurfcould be directly
used.

A. Actuatos for thez-axis

Thetwo membraneguidingthe z-axisareaxially connected
through permanentmagnetbars. Small coils are mounted
aroundthesebarsandproducehelLorentzforceneededo move
theaxis.

B. Currentdriver circuitsfor theactuatois

The x- andy-axisaswell asthe z-axisactuatorsaresupplied
by continuouscurrentdriver circuits, realizedwith power op-
erationalampli ers. In orderto increasethe available output
voltagespan,two power ampli ers in seriessupplyeachactua-
tor. The rst oneactsasatransconductancampli er while the
otheris mountedasa unity gaininverter The actuatorcoils are
oating with respecto ground. The currentsetpointis sentvia
SPlinterfacefrom the control DSPto a D/A corverteron the
driver boardwhich is locatedcloseto the actuatorswithin the
AFM head.

C. Capacitivesensorfor the z-axis

The capacitve proximity sensorconsistsof a sensinghead
(seeFigure10) andof aninterfaceelectroniccircuit board.
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Fig. 10. Capacitve proximity sensoifor Z axisposition.

Thesensindheadtself containsanactive circuit. Thesensing
principle usedis the measurementf the variationof the capac-
ity of aparallelplatecapacitor [5]. Oneplateis atargetsurface
mountedon the upperend of the z-axismobile stage andcon-
nectedo ground.The otherelectrodgormsthefront partof the
sensinghead. A block diagramof the capacitve sensorcircuit
is givenin Figurel11.

7z 4>

Excitation

Offset
Adjust

Output

Fig. 11. Sensingheadblock diagram.

A rectangulacurrentsentto thesensoexcitestheactive elec-
trodeandgenerateatriangularvoltagesignal. Thefrequeng of
this signalis the sameof the excitation current(40kHz), while
thesignalamplitudevariesasafunctionof thedistancebetween
theelectrodes.

The constantamplitudecurrentexcitation is realizedinside
the sensinghead. A voltagecontrolledcurrentsourcereceives
therectangulaexcitationvoltagegeneratedvith a precisionos-
cillator on the interfaceboard. Additionally, a feedbackcircuit
compensatethe drift of the currentsourceso asto avoid satu-
rationof the sensoexcitation.

Ontheinterfacecircuit board the sensooutputsignalis syn-
chronouslyrecti ed, low-pass ltered to reducethe ripple due
to the carriersignalandcorvertedto digital using24bit sigma-
delta A/D corwversion. The samplingis synchronouswith the
sensotexcitation. The outputis thentransmittedvia SPIlinter
faceto the controlDSR
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At presentthesensorndits interfacecircuitsachiezeal10nm
rms resolutionin 200 m range. The measuremeniust be
linearizedto comply with the 1 linearity speci cation of the
AFM application.

D. Sinusoidakncoderprocessing

The positionof the horizontallymobile stagein its cartesian
coordinatess measuredvith sinusoidakencoders.

For eachaxis of the xy-table,an encodemprovidestwo sinu-
soidalsignals and asshown in Figure12 for the
x-axis,with theangle givenby

where is thesignalperiodlength.

Encoder

Fig. 12. Modelfor thesinusoidakencoder

After a measurementorrection[6], the signals and
are processedvith the closed-loopestimatorof Fig-
ure 13, wherethe sine respectiely the cosineencodersignals
aremultiplied with the cosinerespectrely sineof theestimated
angle . Thedifferencebetweerthemultiplicationresultsis fed
toa lter.

A/D

Iter

A/D

Fig. 13. Closed-loop-estimatioaf theangle or

Thesignalattheinputof the Iter is givenby

andfor smallvaluesof it is possibleto write:

shawing thatthesignal istheerrorbetweerthevalueof and
theestimate . Asshovnin Figurel4, cornvergestothevalue
of for stableclosed-loops.

From it is thenpossibleto obtainthe positionestimate .
In factfrom we get

The Iter chosenis a second-ordeitype 1, discrete-timel-
ter, suchthatthe closed-loopof Figure 14 becomesa low-pass

lter

Fig. 14. Simpli ed systenfor the positionestimation.

Iter . Theadwantageof sucha Iter is thatarampmotioncan
be tracked easilyeven whenthe samplingfrequeng of the in-
terpolatoris relatively low. In the presentapplciation,the mea-
surementinterpolationsamplingfrequeng could be chosemot
higherthanthe controlsamplingfrequeng of 40kHz.

VI. MEASUREMENTS

First, the trajectorytracking propertieshadto be character
ized. With the xy-tableit is possibleto track trajectoriesfast
enoughto guaranteean acceptableneasurementime of 30s.
Whenmeasuringa Imm squarewith maximal speedthe dif-
ferentlines canbe kept well apart(seeFigure 15). Note that
thetrans\ersaldeviation of thetrajectoryfrom thereferencera-
jectoryis lessthan200ppmwith respecto the lengthof aline.
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Fig. 15. Measuremenratthe maximalrangeof thespeci cation(mini-
mal scanningime andmaximalsurface),unitsin meters.

With the sameoverall measuremertime of 30sbut with the
measuremerdurfacescaleddown until thelinesareonly 50nm
apart(which corresponddo the sensormresolution)it could be
shawvn that trajectorytracking is more than satistctorily (see
Figure16).

The recordingof the vertical motion of the z-axiswhich is
neededo keepa constantantileser de ection allows to repro-
ducethe surfaceundermeasurement.

The measuremenodf a referencesurfaceis shown in Fig-
urel?.Figurel8shovsalmm surfaceproducedwith electro-
dischage machining. Note that the possibility of measuringa
largesurfacerevealsartifactsandstructuresvhichwould bedif-
cult to detectby measuringonly smallersurfaces.
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Fig. 18. Measurementf a Imm surfaceproducedwith electro-dischaye machining(unitsin meters).Note the presencef someholesand

defectsdueto uncontrolleddischages.

x 10
8.001
8.0005}
E
§9) 8
s
>
7.9995}
7.999 - - -
7.8 7.9 8 8.1 8.2
X axis (m) X 104

Fig. 16. Measuremenatthe minimal rangeof the speci cations(min-
imal scanningime andminimal line width), unitsin meters.

VII. CONCLUSIONS

Thanksto advancesn e xures,a novel instrumentfor char
acterizationof industrial surfaceshasbeendeveloped. It out-
performsary otherportableinstrumentin term of rangewhile
deliveringnanometeresohedsurfaces.
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