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ABSTRACT

To satisfy the denands of miniaturized high-precision systemsnew designsand new maerials are necessary.
Especially the disadvatagesof classicalconfiguations like friction, hysteresisand stick-slp effects havea grea
influenceon miniatuized systemsand will decrease¢he cgpacity of smal drive systems.Therefore,new prindples
for driving and guidance are necessaryOne possibility to guide smdl moving parts of high-precisian drivesis the
usageof maqeticfield forces.We dewelopedsucha magnetic guidanceintegaedin an electomageic drive. We
usenew high-energy rare eath magnet mateials with a flat shepe and a multi-pole stiped magnetzation. These
mageic layersare madeof sinteredor polymer-tbndedneod/mium iron boron. The layers are homogenousnd
will be mageically structued by a capadior disctarge magndizaion process.Layers of sinteed NdFeB were
prepaied by madining of commercidly available plates.New polymer-bondednaerials have been developedtoo.
The main focuswasthe developmenbf new mateial mixtureswith bettermagnetic paametes and good molding
capabilties. Different molding processs for the prepaation of magnetic films with a thicknessin the range from
20 umto 1 mm aswell asan improved sulbequenmageization processhave ben developed.

This pape discusseghe developmentof suchnew polymer-bondedpermanert magnetic maerials, the molding
processsto manufacturethin film and the magnetizaion processThe preseted apgtaton of suchmagneic films
is multi-coordinae dive with amagneticdly lifted and moved alminum sheet.

THE HIGH-ENERGY PERMANENT-MAGNET MATERIALS

Introduction

Pernmanert magnetic maerials and the coresponthg magnetic paametes have undegonea dramaic evolution
duiing the pastdecadesEspecidly the discovery of the NdFeB-family of permanen magnetic compounlsin 1984
and the developmentof suitable indudry-scale prepaation routes for theserare-eath magnets have led to a
widespreaduse of suchmagetsin many applcatons. The introducton of this new classof permaent magnds
openednew horizonswith respectto the miniaturizaton of magiet componentsif one compaes the evolution of
the maximum energy product(BH)max aclevedwith NdFeB-maetlials clealy demongtatesthe newdimensionfor
miniaturization and volumereduction of magnetic-nicroactusors Potertial fields of applicdion of the high-energy
pernanent magnetsin micro-systems, especiallynimicro- actuators requre sudy miniaturization of the componets
with a simultaneousy large mechanicd driving power. Consquerily, magnetic componats are neededwhich are
ableto provide mageic forceslarge enoudn to servein actudor systemsMagneic thin films of NdFeB prepaed
by sputterng [4] usuwally have a thicknessof the film in the order of 1-20 microns. Thesefilms are not able to
geneate the needednduction on the suface or a a given distance from the suface of the film to be apgied in
micro- actwators To succeshilly operae as pemanent magnetic componat in micro-drives NdFeB-films with a
thicknessof 50-1000um are necessaryThosemagetsare commercally not avalable; convenitonal mehods of
NdFeB- magiet production either by the powder metdlurgicd route, by hot-forming of melt-spun powders or
injection moldng of polymer-bondedpowdersyield magnetswith a thicknesslarger than 1 mm. Machining and
grinding opertions to obtan small magnetsare not effective and very cost-inteasive. Therefore mehodsfor the
prepaation of magheic thick filmswith a thicknessof 50-1000microns haveto be developed.In this contibution
we repot on the prepaaton of suchthick films using severaltechniquesand the apgication of the films in
integatedmulti-coordinae dives|[5], [6], [7], [11] with parallel kinematics.



Printed films

The magneic mateaial is mixed with binder to give a magnetic ink or paste.Films with a thicknessbetween 20-

100um can be printed on different substates (iron, ceramcs, glass).After cuiing the epoxy the films exhibit the
magneic propeties asshown belav.

NdFeB-films: Ferrit-films:
Br: 350-450mT 60-100mT
He: 300-700kA/m 200 kA'm

Tape casted films

NdFeB powders, after wet milling, are dispasedin a specialmixture of solventsand sequentially, this mixture is
convertednto aviscouscasting dip throuch adlition of bindersand plasicizers. Shaping is realzed by the doctor-
blademetodin a cortinuouscasing machne with a staionary doctor-bladeand a slowly moving cading suface.
After removal of the solventa flexible green tapeis obtaned. Anneding yields mechaically stable films of
thickness btween 100-100 um.

The remanert inducton of the films rangesfrom 300 to 400 mT (depemling on the volume loading of magetic
powder) whle the coercivity varies betaen 300 700 kA/m (depending on g-ade of he magneic powder used).
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Figure 1. Demagetizaion cuve o tape castefiims Figure 2. Typical curseof the suface-indudbn of tape
casted films

Flexiblefoils

To prepae flexible magnetic foils NdFeB-pwder (wetmilled) is mixed (hotkneadng, extrusion)with a poymer to
form a compositemaerial (compound. Subsequentlyghe compound is transformedby calendeing into a flexible
foil with a thicknessbetween300-1000um.The remanent inductian of the foils 300 to 500mT are obtaned with
coercivities betveen 300-70kA/m.

M ulti-pole magnetization

Thefilms are magnetzedwith a multi-pole stiped pattern with a pole distanceof 2.0,1.0and 0.5 mm. A capacitor
disclargemagneizer is usedo produce alsort curent impulse. Themagetic filmis paced ortop of a copperwire
woundfixture and the capacitorbank is dischargedthrough thefixture. The obtanedmageic multi-pole patem is
measued by a Hallprobe scaning thesuface d the nagneticfilm.

APPLICATIONS

This kind of permanent magnetic film with a muiti-pole stiped patern can be usedfor a widespreadrange of
actudors like synchronous madines and hybrid steppe motors. Anothe possiblekind of appicatons using
pernmanent magnetswith mutti-pole striped patem are linea drives[6], [7] and muti-coordinate divesaspresered
below.

Modéding of the magnetic field

To usethis kind of pemanent mageic films for drives, we haveto calculde the magnetic field genelatedby the
film. Thefield strength depends on the mateial mixture and the maxmum value of the magnetizing curent. The



field distibution dependson the geometryof the magnetzing coil. The magnetic field around the film was
calculatedby using the FEA software MAXWELL 2D. To model the magneization of the film, we usedthe
Halbach nagnetaray structue[9] (Figure 3).
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Figure 3: FEA model (Halbale magnetarray) Figure 4: Magnetic fieldof the film

Figure 4 shows the simulatedmagnetic field. The field is concentatedbelow the film. In hotizonta direction the
field strengh changessinusoidal In vertcal directim, the field strength amgitudes decreasesith inaeasihg
distance from the skin of the film. Above the layer,there is nealy no magnetic field. The maxmum induction of
films with 2 mm widemagneic stipes isabout 0.2 T.

If a curent carying wire is arrangedbelow the film, a force is exertedon the magnetic film depenthg on the
curent, thelength of thewire and the positionof thewire. Figure 5 showsthe haizontal Force(F,) and the vertical
Force () atacurentof 10A.
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Figure 5. Force exerted othe film Figure 6: Drive desig

To geneate horizontd and vertical forceson the film at the sane time, we aranged2 wires mutiple below the
mageic film (Figure 6). To diginguish betweentte wiresthey arenamedwith “L” and “R”. The diséncebetveen
these wire is eq to the hdf of the pole distanceof the magndic patern. By applyingcurents to the wires,we can
set upthe forces imolizontal and vertical direction indepedertly. The curentscan be calculted by

| =K, sing + K, cosh D
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B(2)lw B(2)lw
Wherely, B(2) is the maxmum flux densiy at the distance z from the film skin. F, and F, are the forcesin
horizontal and verical directicn. Thewire length is namedasl,,.
Our drive usesfour coupledactiators(Figure 7). Two of themwork in x-direction ad the othe two actuates work
in y-direction All four actugors ae used tdift the sheet.Theactwatorsare coupledby mounting the four magneic
films below an aluminum sheet. To measue the position of this sheet, we use an optical inacemental position
measutemen systemwhich can measue the position in x- ard y-directionand the rotaion around the z-axis. Four
sensordetweenthe actluatorsare usedto measue the z-position of the sheetand the rotaion around the x- and the
y-axes. A PQvith a cataacquisiion boardis used to comol thedrive.
A special desig critelion is the weight of the sheetbecausét is lifted by magetic forces.If the weight of the sheet

increasesthe neededverticd force andthe curent through the wires also increasesproportind, and the power
losses andthe hed dissi@ton of the dive coils inceases qudretic.

with K, =




This sheetcan belifted by sometent millimetes, can be movein x- and y-directionby 50 mm and can berotated
by some degreesraunddl 3 axes.

< 1]

]

Figure 7. Multi-coordinate dive

CONCLUSIONS

This pape presentsnew polymer-tonded NdFeB pemanent magnet maerials which can be procesed by film
printing, cdendring, and tape casing to manufactue films with a thicknessof 50-1000microns. The films are
magneizedwith amulti-pole stipedpatern by the use of a capitordischage magneizer. The pole distanceof the
magneizaton can be 0.5, 1.0, or 20 mm. Thesefiims are usedto desig a electrodynamianulti-coordirate drive
with asimilar function grinciple to hat onepresentedn [8] ard [9]. The main advantagesof our drive are the easier
manufactuing of the magnetic film by batch processingand the shorter pole distance which leadsto thinner
permanent magneic films. The short pole distance aso gives the possibility to miniatuize thesekind of drives,
wherely theratio between he geneated forcestad themass oflte Ifted pats will becme better.
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