*; e3eWb\W223d4( $50T666T6ag2 Method for form ng an el ectronagnetic notor with
an air bearing Field of the invention The present invention relates to an
el ectronagneti c notor having an air bearing between a stm“ﬂmmmmmmmmotor
Background of Invention In recent years there has been i rch in
the field of m cromechani cal devices, such as those fabricategiswsi ng

techni ques borrowed fromthe field of sem conductor fabrication. Anong the
devi ces which can now 10 be created are gicro-rotating dmmmﬂmmwm@mm as

m cr o- punps and not ors) Rot ating m cro-nachi nery usual | a
rotating structure ( a "rotor") that spins about a spindle axhg,0n a
stator. The rotor is typically no larger than 2cmor 3cmin dianeter, and
often nmuch smal | on such tructure is 15 shovvn in Cr 0SS- sectlon in
Fig. 1. The rotom QIEMRA gn SIPCOmMaINeHe Re

magnetic field, while the stator |ncI udes a shaft 102 and rrultl pIe coi l

w ndi ngs 104=|e|wtﬁrlhgll,w§nltlbﬁal current flows in the coil 104 an induced
torque rotates the rotor. The nultiple coil w ndings 104 are placed near to
t he surface of the nmagnet 103 to maxi m ze the induced energy for the 20
rotation. Thide|psesemciaveatioraelates: tooamtelectromggretic 0Botanchating i ameiy coi |
w ndi ng 104 r es may cone into contact when there is
an i nbal anced‘:‘?"rrllIn \hﬁeet‘?g?g% %th%&?‘n'ﬂ%?cj Of0ad is applied to the rotor 102 | oad
in the direction towards the stator. 25 It is known to provide a

m cr o- beér i rBpckgrdund ohlavenioro- devi ce. Unless this is done there is
generally high resistance to notion at the interface where the noving parts
conme into contact with the stationary parts. This resistance causes

abrasi on, Wi ClacAnafears Mol | s hehf F}rﬁéﬁ%yrﬁgéértecheﬁﬁggﬁie%&i 'Pl?r?z al so

causes an Increase I'n tenperature at t he

ti ght spaci rrgeehamgaltdevlcei aStudrBIas those fabriehtatd ushngf techioses BoreWdgact
frequently qccurs f%%rtl cul ar the mcro-device is subjected to

|
shocks, resdlQm e fi (ﬁ%""Pﬁ’B‘i‘é’t@b r 'Pﬁt'%\ﬁéﬁong:mft feviess whigthean nhw r ot or
is 5 subpectfforbateaihd m|d?é‘%fé§l 'o‘evlc%s mlc}ohﬁnﬁrﬁbp%ng%g@é%n does not

break down due to friction at t conta sur aces
robust bearing systemis essenti aI to keep up the nechanical bal anci ng of

the rotatin pents. and,attain lifting capability so as to overcone
the static g%oﬁaﬁ N9, Spicto-Fachinesy ”W@“ﬁé’ﬂf’?@%@?n@ rgtqt|ag| grugdersy (&g "roterthe
restricted $haicsping aBbiif i

conventional ly fe|1br ?ca%e%%F‘(;{leengﬁa dgﬁéag femoﬁﬁgm&élmh%?asr &t Jg‘ranand

the rotor t@CHEOr demdn|diameternand @ftgn mlmcfbalmﬂele Aaceﬂnammsmﬁh shhecturg izr in a

15 On bilit
P Lo udBO bl b Sebfith MOER, SadhbiBlor i PRl a pewrrref magnet |
necessary td0dvewhithl geveratesa magmr@fuelanmﬂetth@ é.t |ﬁclﬁHSsta°FH$ﬂ‘t1'O'§9’

since | oss of the ljquid bad interferes wt ornance o

m cr o- devi c&n U’HPE‘PlQJ%!l windings $94.94hen re@eqtaquuanemt flowsrintheasi 104 an
fabricated anulidedt RPGEE F6ttES thd t|"<‘§toﬂj.e’t‘h§('h*\ulﬁgle coil windings 104 are placed

near to the surface of the magnet 103 to maximize the induced energy for the
20  rotation. The clearance between the rotating magnet 103 and stationery coil
winding 104 is low, so the two surfaces may come into contact when there is

an imbalance in the rotation, or if a load is applied to the rotor 102 load in the
direction towards the stator. |

25 It is known to provide a micro-bearing within the micro-device. Unless this is
done there is generally high resistance to motion at the interface where the
moving parts come into contact with the stationary parts. This resistance
causes abrasion, which lowers the driving efficiency of the mechanism and



'Summary of the Invention The present invention ains to provide a new and
useful electromagnetic notor, and preferably one which at |east partially
alleviates the problens 25 referred to above. In general terns, the

i nvention proposes that a formation is provided between the rotor and
stator which, upon rotation of the rotor, generates an air bearing. The
formation is provided over a |arge portion (such as at |east 50% at |east
3 75% at |east 90% or even substantially the whole) of the area of the
respective opposing surfaces of between the rotor assenbly and the stator.
In particular, the formati on may extend over a portion of the rotor which,
when 5 viewed along the rotational axis of the notor, overlaps with the

area occupi e r t _magnet of the tor. Such an architecture can
be fabri cat e%sgiéag?gggﬁggf]e@s&e'gg@m@&’&%F‘L W%’iaq:q sudaces-tRus bo the a
thin-type roigHtti BgatiRgham Nea|hfi S hﬁﬁﬁﬁ r y bi.Li I n
this regard, %ﬁcoﬁgi stgent r?r?cfhﬁn??lg?ﬁ%l Iggga (':e @gt %gﬁ’t%@sz%%pgé}é%ts i's
preferred, dfRAYantly-0cass,apartievisdy iwhemthedmierotdevide ishsubjeciat fooshdkst he

i b i ‘ € N ti ich t th f
by a thi noi'PopiiE SENEIESEROR ADoK, bhbBRbtarueSrmerer bR, don i SRl ch
gener at e t habkéated ¢o.6kial Idichc: el impeRBRT b tHR rctatidt] fdbs ABE bRER bR Of 11 ©

that hel ps in deve] opi n% gas filmlubrication during the spinning notion.
The profil e que tfiichae @tihe goptack surfaeesdn thistregards &t mbust bearing!systeibut ed

air pressur f nhmze t surface contact. The
grOO\F/)es nanggscsjéngallﬁ ﬁé(rte g‘:@ tgg q’ﬂﬁéﬁ%ﬁ%{[‘&al%ﬁng Hgﬁ}%qoégthq)pleg@prg%m vabl y
on bothy, amita‘imadimnympbbimgwrésimeo\(éié@fhértﬁ@|sf‘at% SiPRihaé fridtion. F 1 at
surface) of the other. For this purpose, the permanent nmagnet of the rotor

is preferably provided on a surface of the rotor facing away fromthe

stator. t I Ve ’ . enbedded, wi thin
the rot ot sq Smspiipe IR BETREIR he eIRRIed BHaPE S A Fnrtoah e naf
Thi s makes imiceabearing ds @onuentionaiigtfabheated td daeladefa flbi filg BetiderPid

| ongi t udi nal ,ends Bf t he  shaft are made substantially flat or provided with

grooves. Wt ﬁppdﬁﬁrqﬂﬁ?ﬁi%i% bricarh®-agip Malance Beslaeve ptthe rator
create such jg a%&kéct%@.m%@rm r?lg%ﬁ?é S's‘ﬁaft'&f‘f thé sfathgat ure of the present

invention that Silicon wafers are used to provide snooth and fl at
surfaces as the contact surfaces

15 One possibility is to use a liquid lubricant, such as oil, but for this sealing is
necessary to avoid leakage or evaporation of the liquid due to heating, since
loss of the liquid bad interferes with the performance of the micro-device.

Unfortunately, tiny sealing materials are not easily fabricated and integrated
into the device.

20

Summary of the Invention

The present invention aims to provide a new and useful electromagnetic

motor, and preferably one which at least partially alleviates the problems
25 referred to above.

In general terms, the invention proposes that a formation is provided between
the rotor and stator which, upon rotation of the rotor, generates an air bearing.
The formation is provided over a large portion (such as at least 50%, at least



'of the rotor and stator of the motor (al though, forming the wafers of

another material, especially another sem conductor material, is not
excluded). The motor of the invention nmay be formed by sem -conductor
technology to 5 attain highly precise dinmension control (a precision which
is hardly achi evable by conventional workshop nmachining). Thus, this is an
MEMS devi ce. Enbodi ments of the structure may be able to carry a |light |oad
with sufficient torque to performat a rgquired rotation. A preferred
enbodi ment of the invention conprises of a rotor disc provided 10 with a
permenent magnet in the formof an adhered thin ring-shaped magnetic all oy,
and a di sk-shaped stator base provided with copper coils w nding) and

. : [ot ircuitr rd. Alterpatively, these copper
7pLeal LY, 7 oy RUBLY e MUbSHRR, e ST S irod
el ect r o- pl atriespecthvecepsosind sdrfhésér @%@ﬁ%hé’%tﬁf aEQ&nP{%ﬁ%fh‘éﬂstbﬁr?n

el ectromagnetic notor conprising: a rotor assenbly inc a r1ng-shaped
magneti c nmagnet and defining a central aperture; a pin elenment conprising a

' : : stator s ortjing .the shaft, 20
The ot or - aandrarficlift e HMART L BxidHi oy Bation HiRR rotgesvicly Wit nee
spaced f iom viewled atongythe mitatioral lagisr dfithe THEORCEeRlaps WAt Hidd ffea @écdgf&?t one
of the rotor, beari ngpsurfaee and stator bearing surface I ncluding

formati on wi¥%R P§ERERaRBagReteithgdatorng bet ween the rotor assenbly and
stator upon rotation of the rotor relative to the stator, 25 the formation
extendi ng over at |east 50% of the total planar surtace area of the rotor

assenbly i n $uch an eechitecturascan lssveabrivatet bemidre-sdake b@@ﬂb%‘ﬂcfcﬁﬁté%@f the
shaft. A secpnd eé:i)re sion of the invention is an el ectromagnetic notor
conpri si ng: 1t 1S Ui le Tor a thin-type rotating mechanism, and it has enhanced rotary
10  stability. In this regard, a consistent and uniform clearance between the
components is preferred, and it can be achieved in embodiments of the
invention by the air bearing system generated by the formation, which

separates the surfaces by a thin air film generated during the rotation.

15 The formation which generates the air bearing preferably consists of a spiral
patterned profile that helps in developing gas film lubrication during the
spinning motion. The profile is designed with curved geometry to create
uniform distributed air pressure at the surfaces, and thus minimize the surface
contact. The grooves may be on either one of the stator and the rotor (or

20  conceivably on both), and face towards a surface (preferably a substantially
flat surface) of the other.

For this purpose, the permanent magnet of the rotor is preferably provided on
a surface of the rotor facing away from the stator. Alternatively, the permanent
magnet may be formed embedded within the rotor so that it is not exposed in

25 the axial direction of the shaft. This makes it easier to arrange that the
surfaces of the rotor at both longitudinal ends of the shaft are made
substantially flat or provided with grooves.

With conventional machining technology would be difficult to create such a
small geometry accurately. It is a feature of the present invention that Silicon




'5 a rotor assenbly including a ring-shaped magnet and defining a central
aperture; a pin elenent conprising a shaft extending through the aperture;
and a stator supporting the shaft, 5 the rotor assenbly including a
substantially planar rotor bearing surface spaced fromand facing a stator
bearing surface of the stator, at |east one of the rotor bearing surface
and stator bearing surface including a formati on which generates an air
bearing between the rotor assenbly and stator upon rotation of the rotor
relative to the stator, 10 the formation and magnetic material overl apping
as viewed in the direction along the shaft. A third expression of the

I nvention is an el ectromagneti c notor conprising a rotor assenbly

including a ri shaped nagnet nd definin ntr al erture; 15 a
ol oot | compWAETRGIS LSes © BV GO AE Al sHEas Ae Jhs ComiaR SLseaeE |

supporting tBPth%h&ftér aha%té@mtﬁé guﬂwgﬂdw&%.ﬁgﬁgw&eﬁ 8F biofhernar

rotor bearing surface spaced from an cing-a stator bearing surpace of
the stator, matérialsespeviallyfandiker samicobdactonmatenidlaisenatrekchideddr beari ng
surface incI uding a 20 for rration whi ch generates an air bearing between the

nmb d f I h
Cator - tho TagRBochan B VeI b 6 s9machRy eiennePlor iBebRoIay 19 i n

a pocket ®f shginrHGay p’:tééugé*d:nrseﬁéa@hnﬁmw bféwémwrﬁérﬁrs%ardV%ﬁe@ewscts

of the invention are freely conbi nabl e. so, the invention can
expressed asbyororuantinaphgverksherismerhining)i chusagthisicis @eviMEMS edaylcd)y

of the 1 nventTRdmBre aheSREER haY 4 a8 cerié it bRo Tk RurERTEI .

wi th referentrqtetd perfomh laveirequired vstation.n which: FIG 1 is a
Cr oss- sectlonal vi ew of a known mcro nmotor; 5 FIG 2 is a cross-sectional

view of a mcro-notor which is
A preferred embodiment of the invention comprises of a rotor disc provided

10  with a permanent magnet in the form of an adhered thin ring-shaped magnetic
alloy, and a disk-shaped stator base provided with copper coils winding, and
typically affixed to a printed circuitry board. Alternatively, these copper
windings can also be constructed on a silicon substrate by an electro-plating
process.

15 Afirst expression of the invention is an electromagnetic motor comprising:
a rotor assembly including a ring-shaped magnetic magnet and
defining a central aperture;
a pin element comprising a shaft extending through the aperture; and
a stator supporting the shaft,
20 the rotor assembly including a substantially planar rotor bearing
surface spaced from and facing a stator bearing surface of the stator, at least
one of the rotor bearing surface and stator bearing surface including a
formation which generates an air bearing between the rotor assembly and
stator upon rotation of the rotor relative to the stator,
25 the formation extending over at least 50% of the total planar surface

area of the rotor assembly in the direction as viewed parallel to the length
direction of the shaft.

A second expression of the invention is an electromagnetic motor comprising:



' di ment of the present invention; FIG 3 is a cross-sectional view of a
g'[ﬂr)lcj)cture used to Pormthe rotor assembly of the embodinment of FIG 2; FIG
4 is a cross-sectional viewillustrating plasnma etching on one 10 surface
of the structure of FIG 3; FIG 5 is a cross-sectional view of a nmagnet
plating process perfornmed on the structure of FIG4; FIG 6 is a _
cross-sectional view of a magnet adhesion process which is an alternative
to the plating process of FIG 5; 15 FIGs 7, which is conposed of Figs.
7(a) to 7(d), is a top view of spiral grooves for producing an hydrodynamn c
bearing; FIG 8 is a cross-sectional view of a second enbodi ment of the
mcro notor; FIG 9 is a cross-sectional viewillustrating a step perforned

id 20 bondin ' enent. to the stator in the fabrication of the
embod ment o F1 & Do rEsSBh BBk ceC bg sBeps mednatand delininasicaptiehe
bondi ng of tdmgertuepr assenbly to the stator to formthe enbodi ment of FIG
2; 25 FIG 11 illustrates an application of an enbodi nent of the invention,

as a notor for rc® BN elgmenscepwrising ?)Sf;[aféeatﬂﬂg‘;mtgﬁm;gmﬂecmﬁbﬁ?dfhzhovvs
ﬁnhgrg-e;rfofgrénca S@g(?rl %[ad@@'ﬁrﬁﬁ? 'of the enbodi rregltos
5 the rotor assembly including a substantially planar rotor bearing
surface spaced from and facing a stator bearing surface of the stator, at least
one of the rotor bearing surface and stator bearihg surface including a
formation which generates an air bearing between the rotor assembly and
stator upon rotation of the rotor relative to the stator,

10 the formation and magnetic material overlapping as viewed in the
direction along the shaft.

A third expression of the invention is an electromagnetic motor comprising:
a rotor assembly including a ring-shaped magnet and defining a central
aperture;
15 a pin element comprising a shaft extending through the aperture; and
a stator supporting the shaft,
the rotor assembly including a substantially planar rotor bearing
surface spaced from and facing a stator bearing surface of the stator, at least
one of the rotor bearing surface and stator bearing surface including a
20 formation which generates an air bearing between the rotor assembly and
stator upon rotation of the rotor relative to the stator,
the magnet being formed from provision of magnetic material within a
pocket of the rotor assembly facing away from the stator.

These aspects of the invention are freely combinable. Also, the invention can

25 be expressed as corresponding methods of fabricating such devices, e.g. by
MEMS techniques.



‘A first enbodi nent of the present invention is shown in Fig. 2. This '
enbodi nent generates an air bearing which provides active danping. The 5
notor is suitable to be put inside a portable device that runs on a

| ow- power dry cell. A consistent torque (which is essential to drive the
notor effectively throughout the required operation) can be overcone since
the air bearing overcones all resistance in notion, and mnimzes the risk
of unintended collision of the rotating gurface effectively, w thout
external separation nmeans. 10 The systemincludes a rotor assenbly 210, a
pin el ement 202 including a straight shaft which forns the axle of the
notor (in FIG 2 this elenment 202 has a T-shaped cross-section as di scussed

bel ow) and aggieHQscr iioﬁlbfi-rsh S i ncluding a shaft base 203 and a thin
electrical ¢ . Each of these elements is rotationally
symretric about the axis of the shaft of the elenent 202. The system

i ncl udes a fRreferredfebtlessrofipe ebandn WAl FRANE ' |
bearing to kﬁ&é the rotor,assenbly 210 in posi ﬁ)ﬁeg%ﬂ%%ﬁ@rgﬁgh%o ghf)ut

the rotati onUSifafion.Qnly.awith refgrensg:toribe fellpwing Gigutestineehict:he faci ng beari ng
surfaces of the rgipn lg%sgfa‘g%gée%&gn%%@éfé%%ebﬁa%ﬁg_n?&gpj glrjlihany possi bl e

coll'ision, without the use of suppl

appl i cat iSon, | oadFllG.f Ri gy & agr@ssisectiondleniatstd ab¥nichensi SUr

contours, to Sﬁ ort ttg rotor assenmbly 210 axially innﬁg%'r g&%’?gt Ifsg(rﬁ hence
hel p stabil i ‘5‘9'{'1’?@ SHiNe PIsSEBhinYeNtios cont act interface. 25 The

fabrication proc o )¢ '{W- d el i gh precision_ approach to
careful |y reduceq?%eqt h&i g%]rggggg? ' eaék}ﬁ%tr%oaﬁgﬁﬁc{;ﬁr%l‘ﬂsggo@ @ﬁr%% &ﬂ%’l
control s ands§etbly pfthe embodimertiuf §1Ge2son, this mcro-fabrication is
achi eved using a Fﬁém"i:onduct or fat{ri cation process to create selectively
the required profile,* and (ECTHREFUANAL ViYW diustiatinge plasma resching coretane of
the not do' s suefdice@df td struStuResf FRRAYIct or fabrication techni ques al so nmake
it possible to fabricate an array of nultiple identical nmotor conponents on
si ngl e subst r at e FdGn&UE reprOsg-seational view of esmbbretcslaging prodad’ sedrmad
time. In thi(ﬁ] tﬂFe%?ﬁJ%g.h' oﬁﬁghﬁal pl asma etching is used to create required
a plrai Pt

contours on isc, 5 which is not attainable using
conventional maclHI@i 8ds aesrbssisestional Vit cosiderations, a
Silicon (Si) vva}f er is used as the base ngtéﬁ%%é%?r&%tg}so%ﬁ@%eggﬁﬁy§ and
| i ght wei ght &P @rativestodpernlating prasess ofiFi®rbient i onal  seni conduct or

fabricaygon proc , 7t hj f i aged i vacuum chanber, and a
series g? a nul tﬁ?ghg}sﬁcfﬁr/l\% (gér{abﬁ?%q%gfyﬁh?t(%@c%@e@ afep yiew ef spicalt o
achi eve theg’rmmsdedpﬁddumnwaﬁ!h?&rdd@/ﬁﬁmiélﬂeé'm&”t ed portions of the Si

waf er. Phot o-res'ﬁé ski n% is prepared on every intended surface of the Si
wafer) to cast tReCpPd? i@ @OsEwgetona] view of acsenamidnembbdimers! ofithe shigraget chi ng
with precisengtgeci fications. Subsequently, a residual 15 photo-resist |ayer
(see Singapore patent application no. 200207479-7, corresponding to US

pat ent applicati 6Gn® (508 76r043-3etthonali viewoilusieatiy ‘é(“kfe? bérfbﬁﬁé’& RGraged
her ei n 9@/ rghﬁéﬁnc ) duriln th? etching is renmoved using a chem cal

sol vent < su IR PP ﬁg‘qnﬁ ke stator mthedabricatianeof theperabediendnttcs
reduce fricFi®, additional thin |layers of conformng coating film of a

few mcrometers in thickness (e.g. up to 3 mcrons, or 5 mcrons), are
deposited on al | Fi&rf@de= crossasgctionapvieanillusiratihg dhé Donding Bf e |r§t€%[ the

spi ndl e. De i i a referably D anond-Li KeCarbon (@)
film provi gié@b&tr}%%%gﬁtﬁ}g%etjpfrég{‘éGEQQC@“PFEOW'@ Ziar dness 25 nateri al
property, which covers the entire surfaces, with good adhesi on and chemni cal

i nert property. %t has extrenmel y high nmechani cal hardness that reduces the
wear antP resi st afi® bt illugtratasrarepplidationiof aesmbebinteritat the HhEREEH. as

mechani sm hado { r obabl e _deposition technique
conpri ses sgm?térﬁégﬁlhgﬁae%uevgﬁp%E?thﬁf fafs'apdi | as, in this proposal,

30 Filtered CathBiB.c12/ahowsAhe “Wﬁ‘)a"%tmga%@@gﬁ?ﬁtg& féfér][oﬁtature 9

conformal film can be achi eved with unconpl i ASeMi r ed
filmthi Ckn@g@?_caﬁon ?or tﬁe micro-motor. P %




‘Alternatively, a thin Self Assenbl ed-Mnol ayer (SAM layer is also good for
5 reducing the contact friction (refer to the article in Thin Solid Filns
423, 2003, p77-87). This can be achi eved econom cally by inmersing each
conponent into a bath solution of organic chem cal, such that the polyner
chai ns becone attached to the surface in a formof chem cal bonding. In
this regard, the contact surface becones hydrophobic, which |lowers the
friction resistance to 10 |large extent. BRetails of the assenbly sequence of
the fabrication process of the enbodi nent of Si notor are expl ained as
follows in ternms of a single device, but it should be understood that these
steps are preferably perfornmed in a 15 batch process which creates may

uni ts of tha;&gg!gé %%gﬁiiﬁﬁenﬂlé TEe !.m)vi ng body of the motor, that is the
rotor asse ; ! sc 201 that has a ring-shaped
trench 205 for housing a permanent magnet, as well as a through sleeve hole
209 in line wih the spindle axis, as 20 shown in FIG 2. It is nade

t hrough et cH} nlfSh ¢Bbpdimantspf ithen presient wiavventiors dsnshownl & rRigorEs Tap be

fabri cated j n . The .fabricgtion process for

appendi ng t?%m%@nnﬁgaéd%@ﬁgtaf@w&%?m it '%féﬂ’ﬂ%svﬁqt'ﬁ’en‘éﬁmﬁ@%ﬂm&ai ned.

The magnét _irsotontestitabledoitie putinsiieck pOabREdbYICS Rt ARG BHATNEYS. O
I e c

m croneters,, and uged to provide the magnetic required for i ng
the rotatioffbCellnd Gansistentstosaus which.is mssentialds diventhe moltorgefféctivalyt hi n

el ectrical ' L X e, Titanium (Ti), N ckel-Iron
(N -Fe) ot e Belirely tpotatlorf HNS. overbBia Binbe tisrBbshessiog of c.
i s deposi t edvartbrsesidilii rasistahed Weanotio®, Al Mmidimpesefs riS%%fg’Qﬂint(%%dby a
pol ynmer bondi ﬂg&%;%cﬁss g,or i npl enent ation details see the article Tn the
Journal of MPE HARire@ting sukfese sffegtivalrwithputextarnal SERations ki,
entitledp"A |l ow tenperature bondi ng techni que using spin-on fluorocarbon
polymers to assenble mcrosystens”). 5 Following that, as shown in Fig. 4,

a ring- shapdtiet sysiemhiriobides(a rotdmassemiiigt?90, 29 pin ISABRE JoRMnkftlyfHg 303 DY
Deep Reacti h%l;[\ t chi 8DRI E),, ' exposing the thin conductive a%er 301
(see al so p§ﬁ8 éﬁ'ﬁﬁi"&‘ﬁ'ﬁgh H"@Fﬁbﬁpﬂaﬁ?%%éfﬁ%motgpﬁni El3.i 2 thiscelem@d2@0279- 7

referred tohaBowel-shifbel Urbgs s B3 SBONAd BRid) hAETa SSEERIySHEYsON L e

wafer |evel, by inserting the struture into a c t$12951 WIFBnSand
suppl yi ng eBBewpjiacludingedishatl hase 208 and enthire electridadcreuit)lsdgmaent 3@t and

accunul at e | leigC 1.0 The.ri .pockets 205 on the rotor disc 201 fill
up Wit h@% hg‘rgl gﬁrésfléﬁ% G %l%r'?ﬁ)ﬂ? '%@?,gt"g'l?ﬁlbf sypwBetricnghaud ithe ayisefdbe mhaftfor us

( Co- Ni - Mh- Pthe @lgment 02THT htid t r niform (refer
to | EEE Transaction on Ma n@? %%o’hemggg ﬁloﬁﬁ@?ﬁ@ip@%ﬁggqg&é‘?wg%4-5156
entitled "MERMR A db@redynamipeairerratingnty eepatherystopnasidnisipn 1@figr ) -
Subsequent | i j L4 502...such ' as N -Fe, N -Fe-Co, etc, is
pl at ed on tEg:fﬂ?ﬁ?ﬁ@s@tgget“og’g:@ygth% atign, andhereate adubrieating layer Ba6h. The
| ayer 502 fbebteamthedacingytaderi riitles i i i pur. of
thg not j - Next.. nma ne'::i§J ti owbﬁtlr thewné%g?igéblg%@r%é%l@?gg%g@%‘t) d by

? ex?lééH%rl‘s @g

means o V1 ROssfhle rcallisioni ewithauti the. useh oh suppleptentanglubriesss ses

| et ok 1044 A : j 20, | h l ed f
Slbsequant | o EoLa dArpliestt, 36ag TR babaciS ik drferhid by the stiabeidace
possi bl e fagentours, da guppoesthendtdi asseAbRC2PE a‘i(falﬁ/hiﬂ iHéVSQéﬂa‘ﬂBn‘“ﬂahg%be to

insert a prgzf.ar .ri ng-shaped bond magnet 601, Such as Sanari unt al t
( Sm Co) con@%lbisttéﬁﬁfdﬁﬂg?‘? EPR Meljonat thegantaetinteifackness) into the etched
hol  ow trench 205 on the disc 201. As illustrated in FIG 6, such ring
magnets 601, wWith a machined thin iron yoke plate 602, can

25 The fabrication process of the embodiment requires a high precision approach

to carefully reduce the thickness of each component with good dimensional
controls and good rigidity. For this reason, this micro-fabrication is achieved
using a semiconductor fabrication process to create selectively the required

profile, and to control accurately the required geometry of the motor's bodies.
30



'11 be put into the trench 205 in the rotor disc 210 individually using

i nstant adhesive. As nentioned above, another conponent of the notor
assenbly is a 5 cylindrical shaft base 203, which functions as a stationary
platformthat detains the rotor assenbly 210 during the rotation

Simlarly, the shaft bases 203 for multiple respective el ectronmagnetic
notors may al so be prepared through a batch etching process on a Si wafer.
The shaft base includes a disk of hundregs of micronmeter in thickness and
sanme outer dianeter as the 10 rotating rotor disc 201. The enbodi nent

i ncludes a spiral groove thrust bearing on the |lower (as seen in Fig. 2)
surface of the rotor assenbly 210 for axial |oading-carrying capacity.
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speed mechanism. For such methodology, the probable deposition technique
comprises sputtering or chemical vaporization as well as, in this proposal,

30 Filtered Cathodic Vapor Arc (FCVA) methods where a low-temperature



'30 attached on the top surface of the rotor assenbly 210, and the di anmeter
of the 13 step of the shaft 202 is preferably enlarged. G ooves can be
provi ded on either of the upper surface 214 of the plate 1001, or the | ower
surface 215 of the shaft 202. As the | oad capacity is strongly dependent on
the area of the grooves, the air pressure can be greatly increased. 5 W
now return to an explanation of the fabrication of the enbodi nent of FIG 2
(which applies equally to the fabricatior of the enbodinent of FIG 8).
Attached to the shaft base 203 is a thin electrical circuitry segnment 204.
The shaft base 203 and segnent 204 formthe stator assenbly in the notor
body. 10 The segnent 204 has a thickness slightly | ess than that of the

shaft base 2 nt ai ate er cojil w ndin whi ch generate
el ectri cal ?@Tfaﬁﬁ%' fﬁﬁ'cﬁ?d'bg? ﬁg’h@"g W ﬁr’é ':'Q?t Pa[l@glrféfetbédeﬂwed filen
rotation. Suicktiegsui try 204 can be manufactured by plating technol ogy on

an Si wafer, or alternatively on a conventional printed circuit board
(PCB). Uniformthickness is maintained 15 throughout the coils' area to
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resi stance during the spinning. 14 Advant ageously, a | owtenperature

waf er bondi n[g eichn gye is enployed to attach the shaft 202 to the shaft
base 203. Prafi@ispP tFRseMbly e Sequensen ofl dhenfabrivation precess reinghe
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on the center surFace 10 portion of shaft base 203 (i.e. where the
respective pin 202 is to be attached). Then, as shown in FIG 10 the shaft
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volute 903, to give a centrifugal fan assenbly. Operation of the notor

rot at es the.lyzi'lro?eb 901, which in turn
a rlcatlon process for appending the permanent magnet to the rotor

assembly will now be explained. The magnet is intended to have a thickness
25 in the range of hundreds of micrometers, and used to provide the magnetic
field required for inducing the rotation of the rotor assembly 210.

First, as shown in Fig. 3, a thin electrical conductive layer 301, for example,
Titanium (Ti), Nickel-Iron (Ni-Fe), Cobalt (Co), Copper (Cu), Gold (Au), or their
30  composites, etc, is deposited and sandwiched between two thin Si wafers



‘draws in air towards the planar face of propeller 901, and projects the air
out 25 along the circunference of propeller 903. The size of propeller 901
is '', preferably larger area than that of rotor assenbly 210 by 50%in
order to expand the airflow during the rotation. The performances of such
fan, with outer dianeter of 12mm and total 30 thickness of |ess than 2mm
are summarized in FIG 12. It was observed that 15 the performance of air
propul sion coul d be inproved by varying {fe fin design of the propeller. By
changi ng the curvature of the fins' shape (fromdesign 1 to design 2), the
flow rate generated rise two-fold, because the resistance along ' the air
streamis reduced. Further enhancenent could agai n be obtained by 5
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Manganese-Phosphorus (Co-Ni-Mn- P) composite. This deposition both
15 accurate and uniform (refer to IEEE Transaction on Magnetics, Vol. 32, No. 5,
September 1996, 5154-5156 entitled “Micromachined thick permanent
magnet arrays on silicon wafer”). Subsequently, a thin metallic layer 502, such
as Ni-Fe, Ni-Fe-Co, etc, is plated on top of the magnetic layer 501 by
changing to a metallic bath. The layer 502 functions as a yoke for enhancing
20  the rotation behaviour of the motor. Next, magnetization for the magnetic layer
901 is performed by means of external coils after the deposition. When the

plating processes are completed, the rotor disc assemblies 201 are carefully
handled for subsequent DLC coating on all surfaces.

25 Note that an alternative possible fabrication process within the scope of the
invention would be to insert a pre-formed ring-shaped bond magnet 601, such
as Samarium-Cobalt (Sm-Co) composite magnetic alloy with uniform
thickness, into the etched hollow trench 205 on the disc 201. As illustrated in
FIG. 6, such ring magnets 601, with a machined thin iron yoke plate 602, can



‘4. An el ectromagnetic notor conprising: 25 a rotor assenbly including a

ri ng- shaped nmagnet and defining a central aperture; a pin el enent
conprising a shaft extending through the aperture; and a stator supporting
t he shaft, 17 the rotor assenbly including a substantially planar rotor
beari ng surface spaced fromand facing a stator bearing surface of the
stator, at |east one of the rotor bearing surface and stator bearing
surface including a formati on which geneqfates an air bearing between the
rotor assenbly and 5 stator upon rotation of the rotor relative to the
stator, the formation and nmagnetic material overlapping as viewed in the
direction along the shaft. 5. An el ectromagnetic notor conprising: 10 a

rotor assembby dutShistns dordchS0SNANAY, FROF Blac?A%0 SR LR ByCusing hdiant ur e

aperture; a pin elenment conprising a

and a st at oradhgsive.ti ng the shaft, the rotor assenbly including a
substantially planar rotor bearing 15 surface spaced fromand facing a
stator bearing surface of the stator, at |east one of the rotor bearing

surface and &§ i i r Wy ' a fopnmation which generates an
air bearing be?ﬁv\gggsﬁﬁde ?%ct)\g%! g@é@%l §6@ﬁg'q§'t‘tatoir{r@§6ﬂ8tp5t Q??qmg'éff % e

rotor relSatiGinddcalhshaft dhase 208¢ wisighefunitidms) dsorametationany NSIabeh MRa
magnetic material wthin a 20 po t of the rotor assenbly facing away from
the stator. @téﬁﬁ tﬁ”pé’gtqroqﬁi‘.gngﬁy ?ﬁﬁﬁlﬁmga@@dmtm-t%nwaamm shafivhases t he
pocket of t 203 ddrom enispet lehsd e t tor assenbly
ext endi ng over the Lgﬁmliet. ngb?é:m eﬁﬁ%@nﬁghﬁ@é "n@o%ggcégr%ﬁeﬁarch any
precedi ng cltAredgha Ebﬁt?éwtph@gfmoness on a Si wafeovEise phaftibaed includée aldior

assenbly. 8. r FRY ' .according to any of clainms 1 to 6 in
whi ch the 300f¢§¥€r*ﬁrt%|8%n i S @5&’@8@%3@\9@8@% Gnd: gams; Qﬁtﬁf. diameden asathe

el ect r ort@gnevtatingobtor discc20¢i ng to claim7 or claim8 in which the grooves
have a spiral patterned profile.

The embodiment includes a spiral groove thrust bearing on the lower (as seen
in Fig. 2) surface of the rotor assembly 210 for axial loading-carrying capacity.
Axial load-carrying capacity can be developed by pressure generated within a
15 lubricant film due to the wedge action between varying gaps of two surfaces
during relative motion. To produce the wedge action some pattern of varying
gap is engraved in one or other of the two opposing surfaces: the upper
surface of the shaft base 203 and the lower surface of the rotor assembly 210.
For example, an additional step may be included in the etching process of the
20 fabrication process of the rotor assembly 201, for creating spiral ridge and
groove profiles 207 of several micrometers depth on the upper surface of the
shaft base 203 which faces the flat surface of the rotor disc 201. This is

llustrated in FIG. 7(a). These thrust bearings created on the structure surface
rely on hydrodynamic pressure to support the load.

25
Three commonly occurring examples of annular, spiral-grooved, thrust
bearings that are the “pump-in”, ‘pump-out” and “herringbone” designs.
These are shown respectively in Figs. 7(b) to (d). From the steady-state
bearing performance, the pressure generated by the “pump-in” design is
30 found to provide much higher load carrying capacity than the other two



'10. An el ectromagnetic motor according to claim9 in which substantially

all 5 the grooves spiral inwardly in the sanme circunferential direction

11. An el ectromagnetic notor according to claim9 in which the spiral
patterned profile includes radially inner and radially outer portions, the
grooves of the radially inner portion spiralling inwardly in an opposite
circunferential direction fromthe grooves in the radially outer portion.
10 12. An el ectromagnetic notor accordi nggto any preceding claimin which
the rotor assenbly conprises a body of silicon. 13. An el ectromagnetic
notor according to any preceding claimin which the pin elenent conprises a
body of silicon. 14. An el ectromagnetic notor according to any precedi ng
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It is important to ensure the reliability and stability during the rotation of the
20 motor in even reverse orientation. Thus, additional spiral grooves may be
formed on either one of the top surface of rotor assembly 210 (in the area
marked 214) of FIG. 2, or the underside of the step of T-shaped shaft 202 (in

the area marked 215) to attain an effective air bearing on both planar surfaces
of rotor assembly 210.
25

This possibility motivates the suggestion of an additional embodiment shown
in FIG. 8, where identical reference numerals are used to indicate elements
corresponding to the embodiment of FIG. 2. In contrast the embodiment of
FIG. 2 the embodiment of FIG. 8 includes an added thin Si plate 1001
30 attached on the top surface of the rotor assembly 210, and the diameter of the



’ ] in element conprising a shaft extending through the aperture;
;géngggfgrg;ng a stator ggpport?ng the shaft, the rotor assen?lyllncludlng
a substantially planar rotor bearing surface spaced fromandh a0|?gra
stator bearing surface of the stator, at |east 20 one of the rowgiCh
bearing surface and stator bearing surface including a formation

generates an air bearing between the rotor assenbly and stator upgn ver
rotation of the rotor relative to the stggor, the formation extenngrg pn

at least 50%of the total planar surface 5 area of the rotor asseh f¥ |25
the direction as viewed parallel to the length direction of the sha t- 2
A nethod according to claim24 in which the formati on extends over a

f the rot assenbly in the 10
i recti on as e b ahalt 1202 RS pPyrER, rapd . Brodies can e ravidedam A
met hod accoreithey of the lupper Bdrface 2hit ST thé pldter 1l ap tl’i‘é‘icﬁﬁ@lssn@ra?% 218 of

' |1t anar surface area of the rotor asse
Z:JPZtc? ?Ehaglst*‘sa%w@*d?@%f}éﬁ ta¢ lead cRRacityng: sirangledependerit aréhesbedd of fHe 27. A

: . ' ! [psing: formng a rotor
net hod of_fcqrabVé’s,Qﬁe%!lﬁﬁ_égﬂé%?}%tn%%ﬁ@&ﬁﬁ&ggﬁ% ngga central aperture;
assenbl y fnctuding a ring-shap haft extendi ng through the 20 aperture;
fornming & pin el ement corrprlt;shngtﬁessaa t. the rotor assembly including a
sUbst ant | ar 1e3idh SR RE Bhicdhnalonis!the tabiiieton ahtbaambbdiaentof FIG! ot or
bearing sur fahieh apphesegldlly ththelfmaé@H%f?ﬁe {Bﬁﬁ’ﬁ%@ﬁ%hg@ﬁrﬁ%%ﬁt surface

Ir
and stator beari n% surface including a form es an a

T et csaoni(s:ad macliasoiuay dgnal 0% 17
i ened it o SR, 205 2bi SegRIafR 208 3ef g SIS assarmaadnahe rastar Bodn
el ect r ortignédithiecsegrment 2041has aithidkness slightly less than that of the shaft base 203,
and contains plated copper coil windings, which generate electrical field to
induce the electro-magnetic torque needed for the rotation. Such circuitry 204
can be manufactured by plating technology on an Si wafer, or alternatively on
a conventional printed circuit board (PCB). Uniform thickness is maintained
15 throughout the coils’ area to keep a consistent spacing between the rotor
assembly 201 and the PCB during the rotation.

The last item of the embodiment is the pin element 202 including a straight
shaft which functions as the spindle axis for the rotation. A T-shaped circular

20 profile (i.e. a profile which is T-shaped in cross-section, though still circular
when viewed from an end of the axis of the shaft) can easily be fabricated on
a Silicon wafer by the previously mentioned etching process, and multiple
units may be fabricated simultaneously. Alternatively, the pin element 202 can
be fabricated more conventionally, e.g. from steel rod by a precision

25 machining method. The pin element 202 is made with adequate matching
tolerances off the sleeve of the rotor disc 201, in order for the revolution to
have low eccentricity. The shafts 202 are also coated with DLC to reduce the
probable contact resistance during the spinning.



'21 fornming a rotor assenbly including a ring-shaped magnet and defining a
central aperture; formng a pin element conprising a shaft extending
through the aperture; and 5 formng a stator supporting the shaft, the
rotor assenbly including a substantially planar rotor bearing surface
spaced fromand facing a stator bearing surface of the stator, at |east one
of the rotor bearing surface and stator bearing surface including a
formation which generates an air bearingipetween the rotor assermbly and 10
stator upon rotation of the rotor relative to the stator, the nmagnet being
formed from provision of magnetic material within a pocket of the rotor
assenbly facing away fromthe stator. 29. A nethod accordlng to claim28 in
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spiral i rirvar hys,i this bendmgenscpne:ﬁemblyr petformhediicoactiirently & mahyTeddpedtive
accordi ng to al mé Y\/m ch the spiral patterned profile includes
radially i nn ' afm\gf“%f'%\lﬁler portions, the grooves of the radially
22 inner porti on spiralling inwardly in an opposite circunferential
direction fromthe rooves in the radially outer port| on.

First, as sgown in FIG. 9 a thin film of few micrometers in thickness of polymer

adhesive 801 is spin-coated with appropriate masking on the center surface

10 portion of shaft base 203 (i.e. where the respective pin 202 is to be attached).
Then, as shown in FIG. 10 the shaft of the pin element 202 is passed through
the shaft aperture 209.

Finally, a further dicing process is carried to detach the assembled motors
15 from the Si wafer set.

One application for the MEMS motor which is an embodiment of the present
invention is as a micro-cooler fan to dissipate heat in a portable device. It can
be constructed by adhering a 1mm thick etched Si fin-like-disc ("propeller")

20 901 on the top surface of the rotor assembly 210, such that it forms a
propeller for air convection. As shown in FIG. 11, the propeller 901 is fitted on
the rotor assembly 210 and housed in a volute 903, to give a centrifugal fan
assembly. Operation of the motor rotates the propeller 901, which in turn
draws in air towards the planar face of propeller 901, and projects the air out

25 along the circumference of propeller 903. The size of propeller 901 is
preferably larger area than that of rotor assembly 210 by 50% in order to
expand the airflow during the rotation.

The performances of such fan, with outer diameter of 12mm and total
30 thickness of less than 2mm, are summarized in FIG. 12. It was observed that



'35. A method according to any of clains 24 to 34 in which the rotor
assenbly is fornmed by etching at |east one wafer of silicon. 5 36. A nethod
according to any of clains 24 to 35 in which the pin elenent is forned by
etching a silicon wafer. 37. A method according to any of clainms 24 to 36
in which the stator is formed by etching a silicon wafer. 38. A nethod
according to any of claim 37 which includes a step of affixing 10 the
stator to a printed circuitry board. 39.44 nethod according to any of claim
37 which includes a step of formng the coil w ndings by an el ectro-plating
process. 40. A nethod according to any of claism?24 to 39 in which the pin
el ement conprises a bearing surface on the other side of the rotor assenbly
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Claims

1. An electromagnetic motor comprising:
a rotor assembly including a ring-shaped magnet and defining a central
aperture;
5 a pin element comprising a shaft extending through the aperture; and
a stator supporting the shaft,
the rotor assembly including a substantially planar rotor bearing
surface spaced from and facing a stator bearing surface of the stator, at least
one of the rotor bearing surface and stator bearing surface including a
10  formation which generates an air bearing between the rotor assembly and
stator upon rotation of the rotor relative to the stator,
the formation extending over at least 50% of the total planar surface
area of the rotor assembly in the direction as viewed parallel to the length
direction of the shaft.
15
2. An electromagnetic motor according to claim 1 in which the formation
extends over at least 75% of the total planar surface area of the rotor
assembly in the direction as viewed parallel to the length direction of the shaft.

20 3. An electromagnetic motor according to claim 1 in which the formation
extends over substantially all the planar surface area of the rotor assembly in
the direction as viewed parallel to the length direction of the shaft.

4. An electromagnetic motor comprising:
25 a rotor assembly including a ring-shaped mmagnet and defining a
central aperture;
a pin element comprising a shaft extending through the aperture; and
a stator supporting the shaft,
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the rotor assembly including a substantially planar rotor bearing
surface spaced from and facing a stator bearing surface of the stator, at least
one of the rotor bearing surface and stator bearing surface including a
formation which generates an air bearing between the rotor assembly and
5 stator upon rotation of the rotor relative to the stator,
the formation and magnetic material overlapping as viewed in the
direction along the shaft.

5. An electromagnetic motor comprising:
10 a rotor assembly including a ring-shaped magnet and defining a central
aperture;

a pin element comprising a shaft extending through the aperture; and
a stator supporting the shaft,
the rotor assembly including a substantially planar rotor bearing
15 surface spaced from and facing a stator bearing surface of the stator, at least
one of the rotor bearing surface and stator bearing surface including a
formation which generates an air bearing between the rotor assembly and
stator upon rotation of the rotor relative to the stator,
the magnet being formed from provision of magnetic material within a
20 pocket of the rotor assembly facing away from the stator.

6. An electromagnetic motor according to claim 5 in which the pocket of
the rotor assembly is closed by an element of the rotor assembly extending
over the pocket.

25
7. An electromagnetic motor according to any preceding claim in which
the formation is grooves provided on the rotor assembly.

8. An electromagnetic motor according to any of claims 1 to 6 in which the
30 formation is grooves provided on the stator.
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9. An electromagnetic motor according to claim 7 or claim 8 in which the

grooves have a spiral patterned profile.

10.  An electromagnetic motor according to claim 9 in which substantially all

the grooves spiral inwardly in the same circumferential direction.

11. An electromagnetic motor according to claim 9 in which the spiral

patterned profile includes radially inner and radially outer portions, the

grooves of the radially inner portion spiralling inwardly in an opposite

circumferential direction from the grooves in the radially outer portion.

12.  An electromagnetic motor according to any preceding claim
the rotor assembly comprises a body of silicon.

13.  An electromagnetic motor according to any preceding claim
the pin element comprises a body of silicon.

14.  An electromagnetic motor according to any preceding claim
the stator comprises a body of silicon.

15.  An electromagnetic motor according to any preceding claim
the stator is disk-shaped.

16.  An electromagnetic motor according to any preceding claim
the stator includes a coil winding.

17.  An electromagnetic motor according to any preceding claim
the stator is affixed to a printed circuitry board.

18.  An electromagnetic motor according to any preceding claim

in which

in which

in which

in which

in which

in which

in which

the coil windings are formed on the stator by an electro-plating process.

10

- & ()
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T10% & () Sgslgemmy }rom the stator and facing a surface of the rotor assembly, a
formation being provided to generate an air bearing between the surface of

5 the rotor assembly and the bearing surface of the pin element.

20.  An electromagnetic motor according to claim 19 in which the grooves
are formed on the bearing surface of the pin element and the opposing
surface of the rotor assembly is substantially smooth.

21.  An electromagnetic motor according to any preceding claim in which at

10 least one protective film selected from the group consisting of Diamond-Like-
Carbon (DLC) or Self-Assembled-Monolayer (SAM), such as octadecyl-
trichloro-silane (OTS), is provide on contact surfaces of any one or more of
the rotor assembly, pin element and stator.

22. A fan motor comprising an electromagnetic motor according to any
15 preceding claim, and a propeller attached to the rotor assembly, the propeller

including a formation for generating air flow upon rotation of the rotor
assembly.

23. A fan motor according to claim 22 in which the propeller is an etched Si
propeller onto the above-mentioned motor.

20 24. A method for forming an electromagnetic motor comprising:
forming a rotor assembly including a ring-shaped magnet and defining
a central aperture;

forming a pin element comprising a shaft extending through the
aperture; and

25 forming a stator supporting the shaft,
the rotor assembly including a substantially planar rotor bearing
surface spaced from and facing a stator bearing surface of the stator, at least
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one of the rotor bearing surface and stator bearing surface including a

formation which generates an air bearing between the rotor assembly and
stator upon rotation of the rotor relative to the stator,

the formation extending over at least 50% of the total planar surface

5 area of the rotor assembly in the direction as viewed parallel to the length

direction of the shaft.

25. A method according to claim 24 in which the formation extends over at
least 75% of the total planar surface area of the rotor assembly in the
10  direction as viewed parallel to the length direction of the shaft.

26. A method according to claim 24 in which the formation extends over
substantially all the planar surface area of the rotor assembly in the direction
as viewed parallel to the length direction of the shaft.
15
27. A method of forming an electromagnetic motor comprising:
forming a rotor assembly including a ring-shaped magnet and defining
a central aperture;
forming a pin element comprising a shaft extending through the
20 aperture; and
forming a stator supporting the shaft,
the rotor assembly including a substantially planar rotor bearing
surface spaced from and facing a stator bearing surface of the stator, at least
one of the rotor bearing surface and stator bearing surface including a
25 formation which generates an air bearing between the rotor assembly and
stator upon rotation of the rotor relative to the stator,
the formation and magnetic material overlapping as viewed in the
direction along the shaft.

30 28. A method of forming an electromagnetic motor comprising:
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forming a pin element comprising a shaft extending through the
aperture; and
5 forming a stator supporting the shaft,
the rotor assembly including a substantially planar rotor bearing
surface spaced from and facing a stator bearing surface of the stator, at least
one of the rotor bearing surface and stator bearing surface including a
formation which generates an air bearing between the rotor assembly and
10 stator upon rotation of the rotor relative to the stator,
the magnet being formed from provision of magnetic material within a
pocket of the rotor assembly facing away from the stator.

29. A method according to claim 28 in which the pocket of the rotor

15 assembly is closed by an element of the rotor assembly extending over the
pocket.

30. A method according to any of claims 24 to 29 in which the formation is
grooves provided on the rotor assembly.
20

31. A method according to any of claims 24 to 29 in which the formation is
grooves provided on the stator.

32. A method according to any of claims 30 or 31 in which the grooves
25 have a spiral patterned profile.

33. A method according to claim 32 in which substantially all the grooves
spiral inwardly in the same circumferential direction.

34. A method according to claim 32 in which the spiral patterned profile
includes radially inner and radially outer portions, the grooves of the radially
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assembly is formed by etching at least one wafer of silicon.

5 36. A method according to any of claims 24 to 35 in which the pin element
is formed by etching a silicon wafer.

37. A method according to any of claims 24 to 36 in which the stator is
formed by etching a silicon wafer.

38. A method according to any of claim 37 which includes a step of affixing
10 the stator to a printed circuitry board.

39. A method according to any of claim 37 which includes a step of forming
the coil windings by an electro-plating process.

40. A method according to any of claism 24 to 39 in which the pin element
comprises a bearing surface on the other side of the rotor assembly from the

15 stator and facing a surface of the rotor assembly, the method including
providing a formation to generate an air bearing between the surface of the
rotor assembly and the bearing surface of the pin element.

41. A method according to claim 40 which includes a step of forming
grooves on the bearing surface of the pin element, the opposing surface of
20  the rotor assembly being substantially smooth.

42. A method according to any of claims 24 to 41 which includes a step of

forming at least one protective film selected from the group consisting of

Diamond-Like-Carbon (DLC) or Self-Assembled-Monolayer (SAM), such as

octadecyl-trichloro-silane (OTS), on a contact surface of any one or more of
25  the rotor assembly, pin element and stator.



