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Abstract—Advancesin thedesignof �exible structur escombined
with the useof voice-coilmotors allow the realizationof positioning
and manipulation systemswith unprecedentedcharacteristics. In
this paper a portable surface inspectionsystemis presented.This
systemis an atomic forcemicroscope,which is suitedfor inspecting
surfacesof interestin an industrial envir onment.

It combinesportability , a high resolution,and a surfacescanning
rangeof 1 � 1mm

�

which is relevant for industrial applications.
Keywords—Atomic forcemicroscopy, High precisioncontrol ap-

plications, Control SystemDesign

I . INTRODUCTION

Surface topographyis signi�cant for surface performance.
Engineeringsurfacesarecreatedin variousways, typically by
machining,surfacetreatmentor coating. Most often,a combi-
nationof theseoperationsis employedto producesurfaceswith
propertiesthataredesirablefor a particularapplication.

Atomic Force Microscopes(AFMs) reveal submicrometer
surfacefeatureswhich arecharacteristicof the manufacturing
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-
satisfactory. Thus,portabledeviceswith largerscanningranges
exceeding1mm aredesired.Then,featureswhich arerelevant
for a givenmanufacturingprocessaremorelikely to be identi-
�ed thanif only a randomlyselected,smallscanningsurfaceis
inspected.

This paper�rst presentsthegeneralandthemechanicalcon-
ceptof the system,thenproceedswith the presentationof the
controldesignchoicesandof thecontrolsystemhardwaredevel-
opedto implementtheresultingcontroller. Finally, it illustrates
with somemeasurementstheadvantagessof thenew system.

I I . ATOMIC FORCE MICROSCOPY

Atomic forcemicroscopy is performedby scanninga surface
alongmany parallel lines (seeFigure1), while a cantilever tip
touchesthe probesurface. In the so-calledcontactmode,the
contactforcemustbekeptasconstantaspossibleby measuring
andenforcingaconstantde�ection � of thecantilever.

Thespeedof thescanningmotionis limited by thetrajectory
controlbandwidth:thelower thebandwidth,thelongerthetime
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Fig. 1. Trajectoryfor scanninga surface(unitsin meters).

it takesfor thecantilever tip to switchfrom onescanningline to
thenext oneandthusthe larger theoverall scanningtime. For
thesystemconsideredin this paper, thereferencetrajectoryhas
beenoptimizedsoasto reducetherequiredmotionbandwidth.

A sketchof themotion in verticaldirection(whentravelling
alonga line on thesurface),is shown in Figure2. For a given
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Fig. 2. Atomic forcemicroscopescanningthesurfacealonga line: �

cantilever de�ection, � surfacepro�le, � headelevation.

surfaceandunderthe assumptionthat the cantilever is ableto
keepcontactwith thesurface,anincreasein horizontalscanning
speedcausesfastermotionsin vertical direction. The control
bandwidthneededin verticaldirectionis in factproportionalto
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Fig. 3. Mechanismwith xy-tablefor thehorizontalmotionandz-axis
in seriesfor theverticalmotion.

thescanningspeedaccordingto therelation
���! "$#&%(') *,+.-,/102�3')4.5768-:9;#=<?>@')9;-,+

where
�

'!4.576A-,9;#

denotesthe surface space-frequency (units in
m

%CB

). Conversely, for a given closed-loopbandwidth, the
rougherthe surface,the slower the scanningspeedhasto be.
In practice,controlbandwidthin verticaldirectionis thefactor
limiting theoverall scanningtime.

I I I . THE MECHANICS AND THE MODEL

The differentnatureof the motionsin the two control sub-
spaces(trajectorytrackingalongthehorizontalplane,forcecon-
trol in theverticalaxis)andthefastercontrolbandwidthneeded
for theverticalaxisleadto thedesignof a mechanicalstructure
with a horizontal two-degree-of-freedomxy-table and a one-
degree-of-freedomz-axismountedon the table(seeFigure3).
This mechanismwasdesignedby using�e xuresinsteadof con-
tactguidingelements.With this choice,it is possibleto reacha
high bandwidthfor theverticalmotion( D 900Hz).

A. Why�exures?

Like plain or rolling bearings,�e xuresarejoints connecting
solidmembersandpermittingrelativemotionin somedirections
while constrainingmotion in others. While plain and rolling
bearingsrely uponthefriction or rolling of solidbodiesoneach
other, �e xuresusethe elasticpropertiesof matter. This brings
numerousadvantagesfor high precisionmechanisms[1]:

E Absenceof solid friction: plain or rolling contactbetween
solids inevitably generatesfriction, thusaffecting the behavior
of thejoints. Frictiondissipatesenergy, causingmechanicalhys-
teresis.At low speed,the”stick F slip” phenomenonmayinter-
mittently haltmotion,limiting theresolutionof themovements.
Finally, friction is at theorigin of wear. Flexuresarefree from
solid friction.

E Absenceof wear: wear reducesthe precisionof plain and
rolling bearingsbecauseit alterstheir geometryand increases
their mechanicalplay. Moreover, it is the main factorlimiting
thebearinglife-time. Flexuresdonotsuffer from wearandtheir

life-time is limited only by the fatigueof the material. Good
designmaintainingthestressbelow thefatiguelimit guarantees
theoreticallyin�nite life-time.

E Absenceof mechanicalplay: in orderto reachhighprecision,
plain androlling bearingsoften requirecomplicatedplay com-
pensationmeasures.Play is a non-linearphenomenondif�cult
to copewith in control.By de�nition, �e xureshavenoplay.

E High stiffness: the stiffer the mechanicalstructuresof ma-
chines,themoreprecisethey arestatically(whenexternalloads
areapplied)anddynamically(whenvibrationsoccur).Flexures
havehighstiffnessin theconstraineddirections.

E Compactand monolithic structures:plain and rolling bear-
ings aremadeof many mechanicalpartswhich areassembled.
Assemblyoperationsrequiremorebulky elementsand reduce
constructionprecision.Wire-electrodischargemachining(wire-
EDM) allows to manufacturevery complex �e xible structures
monolithically, thusproviding highcompactnessandprecision.

E Immunityto contamination:thewearandrequiredlubrication
of plain androlling bearingsfreesparticlesof matterwhichcan
pollutetheair of cleanrooms.Also, in dirty environmentsdust
canpotentiallyhinderor evenblockthesebearings.Flexuresare
perfectlycleanandarenotaffectedby dirt.

The simplestand most commonof all �e xuresis probably
theparallelspringstageshown onFigure4 andthecrossspring
pivot. They weretraditionallymadeof discretepartswhichhad
to beassembled.

The advent of new manufacturingtechniqueslike lasercut-
ting and especiallywire-EDM allowed to realize monolithic
structureswith muchmorecomplex shapesandbetterguiding
properties.With someknow-how (e.g. [2]), it is now possible
to designstructureswith many degreesof freedom,like the 3
translationsmanipulatorpresentedin Figure5.

Fig. 4. One-degree-of-freedomparallelleafspringstage.

B. XY-table

Thexy-tableis a two-stageparallelkinematicstructurebased
on �e xures[3]. Thestroke is G 1mmin bothdirections,in order
to insurescanningof a �eld of 1mmH at constantvelocity.

Thescanassemblywith two actuationsandtwo positionmea-
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Fig. 5. 3 DOFX-Y-Z manipulatorbasedon �e xures(seedetail).

surementsis modelledasa linear2-by-2MIMO system.In fact,
thecouplingbetweenthex andthey motions,even if it is two
decadeslessimportantthanthedirectin�uenceof anactuatoron
itsownaxis,is notnegligible for theprecisionneeded.Thus,it is
advantageousto identify eachof the four second-ordertransfer
functionsindividually, resultingin an 8th orderMIMO system
of theform IKJML7JON

0QP

I

B,B

I
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I

H
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I

H,HSR

(1)

The obtained8th order systemhasbeensuccessively reduced
to a 4th order one. The resultingbodediagramsof Figure 6
show themainresonancefrequenciesatabout18Hz.This is the
naturalfrequency (directionof movement)of thexy-table.
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Fig. 6. Bodediagramfrom theidenti�cation of thexy-table. Theout
to te x-axesis above, theoutputto they-axesis below.

C. Z-axis

Thez-axismountedin serieson thexy-tableis anaxial stage
with �e xible guidingmembranes.

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

aslittle inertiaaspossible.
Themodelfor thez-axishasbeenobtainedthroughparamet-

ric identi�cation. The correspondingbodediagramis shown
in Figure7. It correspondsto a secondordersystemwith res-
onanceat about90Hz (naturalfrequency - directionof move-
ment).
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Fig. 7. Bodediagramamplitudefrom theparametricidenti�cation of
thez-axis.

Thecouplingbetweenthexy-tableandthez-axisis not rele-
vantandcanbedisregarded.

IV. CONTROL DESIGN

A. XY-table

Thearchitectureof thecontrollerfor thehorizontaltrajectory
is presentedin Figure8.
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Fig. 8. Controlschemefor thexy-table.

A state-feedbackcontroller bdcfehg stabilizesand dampsthe
closed-loopsystemswhile feed-forwardtermsi

B

cfehg and i

H

cfehg

guaranteea goodtrackingof thedesiredreferencetrajectoryup
to thetrajectorybandwidth.

B. Z-axis

The z-axis controller is a simple state-feedbackcontroller
with reduced-stateobserver[4], asshown in Figure9. Particular
attentionhadto be paid to theswitchbetweenpositioncontrol
(whenapproachingthesurface)andforcecontrol(whenin con-
tact with thesurface). Becauseof the low stiffnessof thecan-
tileverwith respectto thestiffnessof the�e xurejoints,thesame
controllercouldbeexploitedfor bothoperatingconditions.
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Fig. 9. Controlschemefor thez-axis.

V. CONTROL SYSTEM

Becauseof the requiredupperboundof 30son thescanning
time of, the scanningspeedmust reach50mm/s. In order to
retrieve enoughmeasurementpointsat this speedandin order
to obtain a high closed-loopbandwidthof the z-axis, a sam-
pling frequency of 40kHz hasbeendetermined. This perfor-
mancecanbeachievedthanksto aDSPfrom TexasInstruments
(TMSC6711)whichcontrolstheverticalandhorizontaldynam-
ics. Sensorsandactuatorsareplacedcloseto thescanninghead:
the communicationwith sensorsandactuatorsis implemented
with aserialcommunicationinterface(SPI).

For the xy-table, commercialvoice-coil motorsand optical
linear encoderswith 50nmresolutionand1Vpp analogoutput
signalhavebeenselected.In orderto obtainoptimumestimates
of thepositionfrom thesinusoidalsignalsproducedby the lin-
earencoders,a customsignalinterpolationsubsystemhasbeen
implemented.

As the z-axis must have the smallestpossibleinertia (both
in order to maximizevertical motion bandwidthand in order
to reducethe in�uence on thexy-table)customactuatorsanda
capacitive proximity sensorfor a motionrangeof 200 � m have
beendeveloped.

Finally, thecantileversystemincludingthecantileverde�ec-
tion sensorfrom currentproductsof Nanosurfcouldbedirectly
used.

A. Actuators for thez-axis

Thetwo membranesguidingthez-axisareaxially connected
through permanentmagnetbars. Small coils are mounted
aroundthesebarsandproducetheLorentzforceneededto move
theaxis.

B. Currentdriver circuitsfor theactuators

Thex- andy-axisaswell asthez-axisactuatorsaresupplied
by continuouscurrentdriver circuits, realizedwith power op-
erationalampli�ers. In order to increasethe available output
voltagespan,two power ampli�ers in seriessupplyeachactua-
tor. The�rst oneactsasa transconductanceampli�er while the
otheris mountedasa unity gaininverter. Theactuatorcoils are
�oating with respectto ground.Thecurrentsetpointis sentvia
SPI interfacefrom the control DSPto a D/A converteron the
driver boardwhich is locatedcloseto the actuatorswithin the
AFM head.

C. Capacitivesensorfor thez-axis

The capacitive proximity sensorconsistsof a sensinghead
(seeFigure10) andof aninterfaceelectroniccircuit board.

Fig. 10. Capacitive proximity sensorfor Z axisposition.

Thesensingheaditself containsanactivecircuit. Thesensing
principleusedis themeasurementof thevariationof thecapac-
ity of aparallelplatecapacitor, [5]. Oneplateis a targetsurface
mountedon theupperendof thez-axismobilestage,andcon-
nectedto ground.Theotherelectrodeformsthefront partof the
sensinghead.A block diagramof thecapacitive sensorcircuit
is givenin Figure11.
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Fig. 11. Sensingheadblock diagram.

A rectangularcurrentsentto thesensorexcitestheactiveelec-
trodeandgeneratesatriangularvoltagesignal.Thefrequency of
this signalis thesameof theexcitationcurrent(40kHz),while
thesignalamplitudevariesasafunctionof thedistancebetween
theelectrodes.

The constantamplitudecurrentexcitation is realizedinside
the sensinghead.A voltagecontrolledcurrentsourcereceives
therectangularexcitationvoltagegeneratedwith aprecisionos-
cillator on the interfaceboard.Additionally, a feedbackcircuit
compensatesthedrift of thecurrentsourcesoasto avoid satu-
rationof thesensorexcitation.

Ontheinterfacecircuit board,thesensoroutputsignalis syn-
chronouslyrecti�ed, low-pass�ltered to reducethe ripple due
to thecarriersignalandconvertedto digital using24bit sigma-
delta A/D conversion. The samplingis synchronouswith the
sensorexcitation. The outputis thentransmittedvia SPI inter-
faceto thecontrolDSP.
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At present,thesensorandits interfacecircuitsachievea10nm
rms resolutionin 200� m range. The measurementmust be
linearizedto comply with the 1p linearity speci�cationof the
AFM application.

D. Sinusoidalencoderprocessing

Thepositionof thehorizontallymobilestagein its cartesian
coordinatesis measuredwith sinusoidalencoders.

For eachaxisof thexy-table,anencoderprovidestwo sinu-
soidalsignalsq:r8stcfuvg and wyxzq?c!u{g asshown in Figure12 for the
x-axis,with theangleu givenby

u

0}|~<.•€0 •

<?‚

ƒ *:5!-„�! +?*

<y•

where
ƒ *:5!-„�! +?*

is thesignalperiodlength.
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Fig. 12. Model for thesinusoidalencoder.

After a measurementcorrection[6], the signals q:r•s–c!u{g and
wyxhq.cfuvg are processedwith the closed-loopestimatorof Fig-
ure 13, wherethe sine respectively the cosineencodersignals
aremultiplied with thecosinerespectively sineof theestimated
angle —u . Thedifferencebetweenthemultiplicationresultsis fed
to a �lter .
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Thesignalat theinputof the�lter is givenby

®

0

q:r•s–c!u{g

<

w.xzq¤c¯— u{g{°Sw.xzq?c!u{g

<

q:r8s±c¯— u$g

0

q:r•s–c!u�°²— u{g

andfor smallvaluesof u³°´— u it is possibleto write:

®

0

q„r•stcfu�°²— uvg=µ2u³°´— u

showing thatthesignal ® is theerrorbetweenthevalueof u and
theestimate—u . As shown in Figure14, —u convergesto thevalue
of u for stableclosed-loops.

From —u it is thenpossibleto obtainthe positionestimate —

•

.
In factfrom u
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|
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The �lter chosenis a second-order, type 1, discrete-time�l-

ter, suchthat theclosed-loopof Figure14 becomesa low-pass
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Fig. 14. Simpli�ed systemfor thepositionestimation.

�lter . Theadvantageof sucha �lter is thata rampmotion can
be tracked easilyeven whenthe samplingfrequency of the in-
terpolatoris relatively low. In thepresentapplciation,themea-
surementinterpolationsamplingfrequency couldbechosennot
higherthanthecontrolsamplingfrequency of 40kHz.

VI . MEASUREMENTS

First, the trajectorytrackingpropertieshad to be character-
ized. With the xy-table it is possibleto track trajectoriesfast
enoughto guaranteean acceptablemeasurementtime of 30s.
Whenmeasuringa 1mmH squarewith maximalspeed,the dif-
ferent lines canbe kept well apart(seeFigure15). Note that
thetransversaldeviationof thetrajectoryfrom thereferencetra-
jectory is lessthan200ppmwith respectto the lengthof a line.
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Fig. 15. Measurementat themaximalrangeof thespeci�cation(mini-
mal scanningtime andmaximalsurface),unitsin meters.

With thesameoverall measurementtime of 30sbut with the
measurementsurfacescaleddown until thelinesareonly 50nm
apart(which correspondsto the sensorresolution)it could be
shown that trajectorytracking is more than satisfactorily (see
Figure16).

The recordingof the vertical motion of the z-axis which is
neededto keepa constantcantilever de�ection allows to repro-
ducethesurfaceundermeasurement.

The measurementof a referencesurface is shown in Fig-
ure17. Figure18showsa1mmH surfaceproducedwith electro-
discharge machining. Note that the possibility of measuringa
largesurfacerevealsartifactsandstructureswhichwouldbedif-
�cult to detectby measuringonly smallersurfaces.
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Fig. 18. Measurementof a 1mm
�

surfaceproducedwith electro-discharge machining(units in meters).Note the presenceof someholesand
defectsdueto uncontrolleddischarges.
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Fig. 16. Measurementat theminimal rangeof thespeci�cations(min-
imal scanningtime andminimal line width), unitsin meters.

VII . CONCLUSIONS

Thanksto advancesin �e xures,a novel instrumentfor char-
acterizationof industrial surfaceshasbeendeveloped. It out-
performsany otherportableinstrumentin term of rangewhile
deliveringnanometerresolvedsurfaces.
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