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I nvention relates to an electrostatic drive device in which the v

one or nore electrodes is controlled to generate electrostatic force, *800002*

whi ch produces rel ative novenent between two or nore objects to which the

el ectrodes are secured. Background of the Invention Use of electrostatic

forces to control novement occurring betleen a pair of objects i
One way of acconplishing this is by affixing or formng 10 el ectWMW“”,M’I}I”I
pai r of objects, and applyi ng EBECEROSTATIGCEDRIVE: r odes in order 10
generate electrostatic force. By ta:Ei Eg i Eé.o Eccount the details of THg
physi cal connection between the obj ical Bigld; | t ages and resul ting

el ectrostatic for Ll At o) ud ti ment
bet ween t he obj ects.%epﬁoﬁiragée eg r%?cntgdéﬁtg%i Jé%@??ﬁ‘?én@ %‘gﬂf{eeit S

of ten necessavoltdge offdnedr riéreeléotidldes ispsodtiotled B generite eldutiosRed foleect s

t hrough a range of notion. To do this, sonetinmes a |arge nunber of

el ect r odesd ar whigheproduges iielatiee moyemerfbatween-bre otmore ebiegtsdpwhich theosel y
t oget her, say 18 t;ed/v m'crgrre ers or less. In some cases, resolution
enhancenent (?.%0 %P AN S0ement steps) may 20 be had by further

decreasing the pitch, or spaci mck@ﬁmmha%%ﬁﬁ el ectrodes. This is not
feasi bl e) however, where the pitch is already at or approaching the limts
of what is possi blésenfielecrogtatie forcegtoicontrplbmovementiogensting bebyeeaa pattses, it
may be di sadv ageous, to i ngrease the el ectrodg.densi ta. .even.though
technically p‘gtgél?-'g‘ﬁ%.'s lﬁborwrbxgﬂf)lwea,ycf rﬁ??%’gggsgm?-ﬁ WQ%‘?‘?&‘HL& ?&fow onsune
25 extra Rpaclecttddes %ﬁ%epafﬂeﬁﬁot?bﬁtﬂ%d a?glyhﬁgmlfageyMS!eue%%uemrmﬂax _
supporting el ectronics. Regardless of € slze or quality of the relative

novenent s, i ttoi genesatan¢legtrastaticr fonte tBuattaking intoy ecaount the dstails ofo theont r ol .
cont.r ol

ANy DT Or SNSRI { ket it ! §93bcnsSBIE ot Mol e ilihg oMM
force may be manipulated to control the resulting movement between the
objects.

15 In micro electro-mechanical systems (MEMS), it is often necessary to
effect very small, precise movements between objects through a range of
motion. To do this, sometimes a large number of electrodes are used, with the
individual electrodes being spaced closely together, say a few micrometers or
less. In some cases, resolution enhancement (i.e., finer movement steps) may

20  be had by further decreasing the pitch, or spacing, between adjacent electrodes.
This is not feasible, however, where the pitch is already at or approaching the
limits of what is possible with a given fabrication technique. In other cases, it
may be disadvantageous to increase the electrode density, even though
technically possible. For example, increased electrode density may consume

25 extra space, increase heat output, or require undesirably complex supporting
electronics.

Regardless of the size or quality of the relative movements, it is
normally desirable that the movements be easy to control. Many prior systems

fail in this regard. Some are difficult to control because they are not designed



in a way that allows themto be easily incorporated into a closed | oop
control system Qher systens require use of conplicated protocols or
command | anguages to produce the desired novenents. Still others require
that the operator of the system have a detail ed know edge of the nechani cal
details of 5 the systemin order to create the necessary vol tages and
el’ectrostatic forces necessary to create2the relative novenent. Sunmmary of
the Invention The present invention provides an electrostatic drive having
a nover with in pivayadhdttatloofs themeao bel easily intesporated antiovetlpsal foopedntrbler et o,

and a stator 10 with lurality of stat el ectrodes operativel ffixed

thereto. The 88k aQ@‘egtsﬁtB‘F‘s FS“'H?)\P&BI‘&I?‘ET‘ jqated peot é’ﬁcﬁ°ﬁﬂ¥a"&i a

el ectrostatic dghe r d t at or
%ﬁgaqges 96 go;fg)ggcl%cmg Gl ﬁ,p«fe XE dsqhﬁsmea)sd?.fqm mﬁhﬂaes

el ectrodes. e>el’ectr rive includes a driver conftgured to drive

the stator el@mratodetthensystemavefa detpiled khowlgdgd of theunedhanical ddthitsoef st at es,
where each voltage state is defined a 15 conbination of LO,and HI

b A
vol t age | evel the fystemelns prdep to «reate ﬁbﬁés@esmwgit@s@nandr slerpdtaticofaregse st ate
to a sequenti@éck%ﬁﬁ;goa&gaqéth%q%ﬁagg@t‘,%gnpr oduces a step size of relative
e nover and stator. 1

novenent between of each of the sequential voltage

states, the driver is further cgaimnsuy efithedngentionti vely vary vol tage
applied at one of the statqr el ectrodes to an anount betwee,n the LO and 20
)

the H vol tage | evidiespresent dpyrntiopprovisigs @e eleqirasiatict dravea having RaMOESr st ep

size and ther i I | Uugl . |G drlye. | ef
Description o r?elg‘@?@@f E’&ﬁé&&?‘é"%%s Rg%ﬁgﬂl?;ﬁ?@gf& %fg?eg%eérwgesgﬁé% a
conput er F§ orwiil aphvrality off stdtorélectfodes opbrativél9 affikddothelfeto, cTRe filoveli aid t 0 t he
pr esent inventio: may %e usegl. 25 Fi g?% S g schemati ¢ depiction of an

el ect rost at | cStafer wee maveblgi relative toheng apathar viaeleatrogtatic forge genprgtedn

Vart bue. 3t at Arerepd e ST efecRhase 8 e I cldsRoifs. | TRL BVl 1"
depi ction of iﬁcldﬂés/ﬁ?&ﬁ%fsdoﬁﬁgﬁtbazo dbive Eife statoflelebtraiden lintoingdflapliralityhe

stator electrodes shown in Frg. 4. ]
of sequential voltage states, where each voltage state is defined by a

15 combination of LO and HI voltage levels at the stator electrodes. Transition
from one voltage state to a sequentially adjacent voltage state produces a step
size of relative movement between the mover and stator. For each of the
sequential voltage states, the driver is further configured to selectively vary
voltage applied at one of the stator electrodes to an amount between the LO and

20 the HI voltage levels, in order to produce a proportionally smaller step size and
thereby increase resolution of the electrostatic drive.

Brief Description of the Drawings

Figs. 1-3 show different perspectives of a computer storage device with
which an electrostatic drive according to the present invention may be used.
25 Fig. 4 is a schematic depiction of an electrostatic drive according to the
present invention.
Fig. 5 is an exemplary waveform diagram depicting signal states that

may exist at the various stator electrodes shown in Fig. 4.



Det ail ed Description of the Invention The present invention is directed to
an electrostatic drive. The 5 electrostatic drive enbodi nents descri bed
herein may be used in a variety of settings, but have proven particularly
advant ageous when used in very snmall conputer storage devices and ot her
MEMS systens. For purposes of illustration only, the electrostatic drive
enbodi nents descri bed below will be discdssed primarily in the context of a
hi gh-density MEMS conputer storage 10 device. Figs. 1 and 2 respectively
show side and top Bigo$siswesdhemativ idepistion ofl asdriveaggsteivthatemap ®e used ko whi ch
an electrostatic drive according to the invention my be used. Storage

devi ce 100 in@PHWé%‘SﬁBMa@TgFF@@Séh?Wé’rg‘ﬁ-ﬁuch as 102 and 104, a

storage nedium 106 with a nulgptg : a ch as 15 108, and a

m croactuator 110, which sc ed)be pipHof eq_g'g%mﬁ)édi um 106 with respect
to the field em ttThé present Ciavattiona iStdireeted e vanC elebtOstatiy driveconThgured so
that each storage area is responsible for storing one bit or many bits of

i nformati oft. Elestrpstaticiduve embodimengs described hepeinomay depusedtin anvariesy of havi ng
20 sh ints. E le, . fiel i 11 h i f

v e or "o P BB0Bh S T, BB s A6 B B T Pl ©

operation, a RbMpaicECitegdOdévidesabndli dther MERIS systemk eFdrepurpesesaofi el d

emtter and its corresponding gate, such as between enitter 102 and
circul ar gat e illuptration oplys dhen eleetnostatiar drivipembpdiments: desceibed belpwi will bg t he

emtter, an el : | S e t ]t nd
directed with dgs%sgﬁ p?i%b”?’ﬁ%ﬁ%é@@%’giogna %@g& %@Fo&?ﬁ% arrslécg"ég@
Dependi ng 10n idBeicei st ance between the emtters and storage nedi um 106, the

type of emtters, and the Z{)Ot size (bit size) required, electron optics
may be desired to Figsui ane tdspeatively shawrside anddiop ogessraggtion vigwseofappl i ed
to storage ned

field-emtted s%l&g}éW1 WEW@CC% ﬁiﬁﬂi@ﬁ : qrhéelg dscﬁﬁéﬁ{tﬁfé{i’%ﬁi&t rons.

Because the f inglytheoulell! WiSragé Bevie€ 100 chsdes 2Smiditier 'of el emitékes, 3usiRas O S
the storage nmedium the field emtters wll also be referred to herein as

access devi ced02@adil9g, aBtoraggmediuny 106 withnp invmbep ofrstonage areas, suelyas nedi um
106 in pantkial;ayacuum .such a | east, 10-5 tarr esgar cher g ha

produced pcr dPborit RmitearuRfe J10, SBich fotas ol S 3ORE Fefingl 106

seni conduct or wifh RisPERI6! thE flehd RRIIGHS Or vI6E velst! SR¥FEPESvice $00 sy be el d
Em ssion Transistors and Di odes,"” by Jones, published in | EEE Transacti ons
on Conponent s corfygurediso thatl eaéhnstorage aréaniy réspohsiblecipy stotig qnadit di0fhany 1992.
Each field em'hgteé. rz:a correspond to one or nore storage areas provided on
st orage nedi ufjtd @5In Q&E"@“each field emitter is responsible for a nunber

The field emitters may be configured as point-emitters having very

20  sharp points. For example, each field emitter may have a radius of curvature of
about one nanometer to hundreds of nanometers. During operation, a
preselected potential difference is applied between a field emitter and its
corresponding gate, such as between emitter 102 and circular gate 103
surrounding emitter 102. Due to the sharp point of the emitter, an electron

25 beam current is extracted from the emitter and directed with a high degree of
precision towards the storage area. Depending on the distance between the
emitters and storage medium 106, the type of emitters, and the spot size (bit
size) required, electron optics may be desired to focus the electron beams. A

voltage may also be applied to storage medium 106 to either accelerate or



15 of storage areas, storage device 100 typically is a dapted to scan or

ot herwi se effect relative novenent between casing 120 (and thus, the field
emitters) and storage medi um 106. For exanple, mcroactuator 110 typically
is adapted to scan nedium 106 to different |ocations, so that each field
emitter is positioned above different st ojage areas. Wth such a
configuration, mcroactuator 110 can 20 be used to scan an array (typically
two-di nensional) of field emtters over the storage nedium Because storage

medi um 106 nov nelathve N 20 [t . wWild.ast f.i [ red t o
ast he™ erVg;c_:eler rﬁh s%%%&ﬁﬁquy,gle%t& |Sn!6rt ?Zﬁida}?dfo\?gglpnﬁge ?{%‘é‘? I%E:tger(%ponent S
that are fixed eleelrahd. BecaiBe tieefidla ehii@er§ @redused td &cdebsedadiredstoreareadion! be at
times referred to as the "stator". 25 The field emtters typically are

configuried to thestorpge mudium, the fiekk erpitiers Wil also bpacierred 4Q)berginoassacspss

el ectron beans d&,gigé(s produce. Thus, field emtters suitable for use with

st orage device must produce el ectron beans narrow enough to achi eve the
desired bit density Casingt IB0agpioatigiisradapied tbumbineain storagd neddilnetiObtiar s nust
provi de el ectron ,b?ams of sufficient power 30 density to performthe

desired read/ wPAgtiel oyacpum; oweh 2s \akr leasty 187 st n Bgscarehprs, aye cproficed

fabricate such_f:i Iy t . X (o]0 P 1 5in
" Physi cal Propgf#l#t?%%r%?@eqmﬁ%@ﬁﬁﬁ%tg?eﬁlgp m gg%ﬁ%’?hgsgg S\%"’tﬁ'ﬁbﬁ}gﬁ%denum
Cones, "1by Spi peicessingtechpiqids. Seedfor rextinple) d8ilicah Riéld Apmissind Fhaysistors, Vol .
47, No. 12, Decepher 197G. Anot her t hod i isclosed in "Fabrication and
Charact eri st i c&"of igfless| gﬁyd Tengsy PBPH%Ea% :[EEgyﬁBBf"é’HP‘,‘s §“p§§F}P§H%‘HS’i n
Tech. Digest 4yphak andioaHubiting P6LEOIN $ agOd51, 198gahame, Japan, page
26, 1991. Such émtters have beeh successtul’ly enpl dyed in vari ous

appl i cations, such &sch fielfilemittgranay catrespirslyte ong e mborestdrageiateagprovided be

i ded t wo- di i onal 0. 100. by. 100 emi.tt i th
i tter pitch Of urae arls 408! Wb il Smihl i T ig)e Brrdaiheie. “Bach
em tterjsmay aceesforddet dreds sfofdae deVice NVOSEHPREIY & dbpeide@dsSscah oFidthdraite Of

storage areas. For exanple) the emtters may scan over (i.e., nove relative
to) a storage eHettuslativeimonement heftweani casingi 120 (andthuay theffield emittees)andas,

where the periggdicit et dj ace st.or age_.ar i S wher e, f.,rom a
fraction of a RerasaePtr,ftR 638 -Ra8Rl: RifoRGEuPt 17 npichly b fipfe'S
operational 15s¢aangeditm 108eo différeAClobaions, doSthBOeath Tl Binttte? i Positidedt he x
and y directions. Also, the field emitters nmay be addressed sinultaneously

or in a nulti preodedifferentstorageargps. WVith sepheseantigueationmicroapjuainrohli0fanst or age
devi ce ,h00 wi t Lo f i f t 4t cess
CTre oy data D Retol dchdh aRa @RIyt S UIRBRRIR o 4014 ' RGLE Bt AECEC
106, depi cti ngstoraze rhediurd] Besanseostataga medyuno 106 htoveg eclativan csigd 201

di mensional array of, field emtters. Eggternqll circuitry, (not, shown) is used
to address theVaH 8} tigies hedgiereddojagdhe amoyer.’; ¢ orgpspondinglyn cptng b P ad e to

segnent the storage sk éUngdo%ﬁ}s "tR¥tSare SQH&H ekl é Y6 %h%ocas‘gﬁggegg.,e%gfliélﬂw

contai ns a nunber of storade areas, such as storage are cally,
each em tter i smitesg)ovillibelabtiines refermditbes thaf"staba®) 25 but is not responsible

for the_entire | eng o] hose rows., For exanple, as depicted,, em{ter 102
is r_esgénsi bl e for #H% é‘?lar guters ééﬂ%‘%ﬁf H'R ¢ ?30 t@ hiead grndion, Wriff
wi t hi n col ums jrkgeindtidh PhOthe kftRage areas via electron beams they produce. Thus, field

emitters suitable for use with storage device 100 must produce electron beams

-
-

narrow enough to achieve the desired bit density on storage medium 106.
Further, the field emitters must provide electron beams of sufficient power
30 density to perform the desired read/write operations. A variety of methods may

be used to fabricate such field emitters. For example, one method is disclosed



The foregoing describes an exenplary storage device with which an

el ectrostatic drive according to the present invention may be used. O her
6 '‘aspects of this type of storage device are disclosed in U S. Patent No.
5,557,596, the disclosure of which is incorporated herein by this
reference. Fig. 4 depicts an electrostatic drive 150 according to the
present invention, including a nunber of5nover el ectrodes 152 secured to
nover 154 5 (e.g., storage nmedium 106), a nunber of stator el ectrodes 156
secured to st ofPhisigal ePropertiessofig ThitdFilmarRield @Erhigsion 1 @atholgpi WatH y, as

I ndi cated, both the nover el ectrodes and stator el ectrodes are disposed in

a linear confMgplybdenwm Genesy’ by Snindt etoal, pyblishednin: thenJaumal gfeAgplied he

X-axis). Driv 160 ugesywolsha hi t and/ or
stator electr é%sécsigjéﬁ‘ aZ’i 5\‘/? 113’ g%z;ﬁ'%gglail%igpgﬁ?@g%/%ﬁ%f%eﬁ%g@%gi@t iC
forces bet weerRdmpication. whdaCHafattistics! of - SiDFeeld OEMittét0AReySl by Betsui

el ectrostatic fields and the nechani cal suspension used to couple the nover

to the sta¥orpublishedinTecho Digest dtif Intc¥acuymblicroplectronies Conf.n/Negahameng t he

x-axis relatiye to_the.st , @S, 1 ndicated. Varying t vol t ages, applied

¥o the el ect riRal BhE AR d58h SO0 RHER, e, ek shctebstany SN B Pana 15

stator. To aCWabﬂi&ﬁibﬁﬁsﬁ%h@iﬁﬁdt?ﬁﬂel%ﬁ@ﬁ]&r axis (e.g., the y axis) or
|

in adifferent direction, the depicted arrangénent is reproduced for that
axi s or directi on.Theofield emiti¢re mayde pravided asia twe-diensional anay (a:g;bl W t hat

di i .di ' : i t hin the, s\, Dl
accordinoty. - P J0M ik vath 4 GRkBEBitch s £ mibroeliet BRPRCIAM MR over
and stat ofg el pireftibs. FaehLnfiRé mhy Gcoess Bitdlin/teA 86 tholbaRE. t6 huhdreds b t he

art will appreciate that the scope of the invention includes systens
capabl e of prmillionsof stotageraréas. For cxample,dthe eptitters gnay seanaven(j.c.,imeee / axi al

notion and notign in curved difectjons or _dijfectiong of other shapes. 25

Virtual Ly any Tt aLa Hotage meski thek s dwo dipensionnl affay OF Sras irey of

geomet rical CofbleOtieRhlrifeitybetwithCalistin? ey CisAiyhef® tfidi) d S

desired, the rmvgr an sta%lgf%g ectrodes are noerma Iysar ryg#\ged In a line

paral l el to tfrectitmsoff &danoneteroto Y06k oramoreAlanometers, \wntiwhese: thel gperationeksi r abl e

o Ph oV Ofs PIae chhe biomagr i 30 miShetttin oth e Ksid §direafils. ©
Also, the field emitters may be addressed simultaneously or in a multiplexed

manner. Parallel addressing schemes may provide storage device 100 with
significant performance enhancements in terms of access time and data rate.
Fig. 3 is a top view of an exemplary storage medium 106, depicting a
20 two dimensional array of storage areas and a two dimensional array of field
emitters. External circuitry (not shown) is used to address the storage areas. As
indicated, it will often be desirable to segment the storage medium into rows,
such as row 140, where each row contains a number of storage areas, such as
storage area 108. Typically, each emitter is responsible for a number of rows,
25 but is not responsible for the entire length of those rows. For example, as
depicted, emitter 102 is responsible for the storage areas within rows 140
through 142, and within columns 144 through 146.
The foregoing describes an exemplary storage device with which an

electrostatic drive according to the present invention may be used. Other



nover and stator el ectrodes are cl ose enough to generate enough

el ectrostatic force to cause relative notion between the objects. For
exanple, referring specifically to Fig. 4, nover el ectrodes 152 are
provided at a uniformpitch, or spacing, along substantially the entire
avai l able 5 Il ength of the downward facin% surface of nover 154. Voltage at
each nover electrode |52 is indicated as®eing either 1 or 0, where 1
represents that the electrode is at a H voltage | evel Ve, and where O
represents t haspects: of| thix rtype of sstatage. de@iogobreadisclosed:|in Uﬁal E@tt‘-ntyl\@r ound.

As di cat ed, h l.ectrod |t b do
for nal coent” 24 b the Bsclapureypt shich df eoDBTAEANGSED Y NS AFERTES, ¢ nough
other voltage 'eveh:g%"@gd%?ég agadcon RRGO R 75 CacBosdi étg 't&%er present

i npl ement ati on gur at1on, es at he nover

el ectrodes do ifivéntiohainglidirigea mambensf wover blecwdebalsaesécumaeo nverds4 on the
stator electrodes are varied to produce the varlyl ng. el ectrostatic forces
¢

used to nove t(A8-storese mediym 1Q6); & numberefstejor electrades| 156 sgeured fo,sfatop i g

Surtace of st 08 St 1708 o £idibe 166" PRfpicaly, uliiicadd, bl die 0O 2
stator el ectr qfiever ehietrodéy &id stator' dledtiodes ard &s?ﬁb%ﬂqg d lincarconfigedation, t hat

is, they have a unlform pitch. However, as will be seen, the stator
el ectrode spadvhigh isparaiieliite ithe anetian: axis t(a@- nthecr-axishctPomr Loheausgs 20 As

i ndi cat ed, ctrades 163

t hat each cons}gﬂﬁgege\s esE % Z&%‘%&e{é‘%&a{%ﬁcﬁgﬁd@%éﬁl veﬁ%fol?és% | gured
to drive tlge ebsultsliwdpplicationof Blegtraitatic fresstbebueenahover 1SHrandgtater 1i8aber of
different voltage states, or phases. These phh‘ges are represent ed ip table

162, which i s Iestonzingingcof thsrelactrostatic Si¢ldsrandithe machanjeal suspension nsed
appl i ed to thgo %% fipgl o‘%}e?% &R{g@tog,egﬂf&&%staw%féﬁg ca&‘s@ thé'n?&JeY?o

novenent. Each ro n tab I'nes a partrcu

i ndi cat es t he gy@let ﬂm@‘é@hx:@?ﬂhﬁ%itoadme sla®irOas mdRated th@va s S6 for
that phase. For exanple, in phase 0, the H voltage |evel (e.g.) Ve, which
i s represent edpphied todhe alortzo produces changppini relatize posiiosof theanaver andct r ode,
the LO volltsage level (e.g., ground) is applied at the S 1 8 stator

el ectr ode) §AH on. As i ndi cat ed, there are fourteen different phases of
the stator eI EC”C"FS%chIeb@raBﬁW%mﬁBﬁdl arfithd? ﬁwg@hﬂie%-hﬂs)t&emt@m €.
Transition from one phase to a sequentially ad]acen ase

i ncreasi ng or mmmy%dmhwemmmm Immpm&.&‘thfgr M@m&ab&tl ve to
stator 158 b 5.f d step,size. di cared,vi.a e coupling 164,

t he vol t age %éﬁ‘?‘ét? :E cﬁ’f@gg’ M@%&qvﬁeﬁ ig,Jesira Bfé\ﬁﬁt %&fﬁg gl ly is
applied to ea‘ix'ib\%rlﬁ%o%m%ﬁéiﬁﬁb §ledWithife HRCx-y i fie. tﬂt@% ?lyp?& ﬂéiﬂi’éi&!j on the

stator. Accordingly, it should be appreciat t hat ator e trodes
are both R8gi cbdch-ystamwdphysystahlvylllgmohlnednovbﬂ afith statdraglectrodes atongboth ar e

e physi cal | e SRR o TG SRUEY B s WL PETScIE ARG SPaRg at ity

grouped becaugsyehfién Hchides S{steRY Shpable éiﬁo&ﬁ@iﬁé iotioflift %lﬁﬂcQﬁmEﬁé}kor
el ectrodes for which the el ectrlcal activity repeats i1dentically over the

entire | engt hinsuding liptar(axial deotion ank motigm dih cyrved plirectensversdirdctiopniof set of
15 signal s frog*ﬁrlver 160. For each grouping 163 of seven stator

el ectrodes, si x nmover el ectrodes occupying the same | ength on the
nmover, as 25nd| cat egirtublly Saaytd%&réu hetib& ottél&tﬁdéé ftia %%EHQH%Svdri‘etﬁbf that
of the nover el ectrodes: her groupings and pltch rati os may be ‘used. For
exanpl e, the gy@ndnpdmpnﬁquOons)nAs sndieatedsabovhawherneaxial masionds desireddes ar e
organi zed intg | ogical nore or,. | ess than seven ctrodes. The
PLro of tho. fha BivesangRAGP sfftodis A% nomRAlln Siaeed 16 pcmech el SOy be
1:1 or anot hegesirdUskis® bl BotioR2NAISBE t7wﬁ1 gihall§ Héf désh‘ﬁbl@elﬁ'rﬁbﬁ@e Rhatg ©-

Though many configurations are pOSSIb e, It wl ften be desirable, as in
25 the depi ct el¢ciesdesspdhat; bver the entincadesirechmange oﬁmathmr att least somg rof thir- 1) |
where n is the nunber of stator el ectrodes per |ogical/physical group. In
general , the nover step size per phase advancenent is a function of the

not or el ectrode geonetry and the relative force constants of the notor
spring and el ectrostatic drive. It will be appreciated that, for the above
stator-nover pitch ratio of 9 (n):(n-1), each transition to an adj acent
phase results in a fixed step size equal to the pitch of the nover

el ectrodes divided by the nunber of stator el ectrodes per | ogical/physical
group. This assunes that the electrostatic force produced between the

el ectrodes is nuch larger than the notor spring force. For 5 exanple,
assunlng a nover electrode pltch of 1 4 nlcroneters and seven stator

o o - . o - - ~ O~ . o




In many cases, the step size produced by the above el ectrode geonetry is
adequate. In others, it is desirable to increase the resolution of the
nover (e.g., by decreasing the step size). For exanple, in one

I npl ementation of the 15 storage device described with reference to Figs.
1-3, the data tracks on storage nmediumare 40 nanoneters wide, or 1/5 of
the 0.2 mcrometer step size in the abové exanple. To accurately access
data tracks of this size, a much higher nover resolution than 0.2

m cronet ers i snoveednad stakasslédtdes greatlode efonghrto geherateoermugh relectrostafi¢ ect i ve
use of cl osed- Ioo? servo control reduceiﬁ%gkguantlzatlon errors) and
permits oper affPi& Q)?auﬁﬁéc lativsrmetioneafween the objestsc of f set nodes, as is often

required for data g S system
and nethod for i nc g’ﬁ'&#ﬂn@gﬁk’égg&l egt %{ok'ér Elgce %cgglll% a??he step
si ze is reduceehVidedatAPsHiforFitch 8P 5paein tuoh Substhitplly thé eftie availdble e of

stator el ectr%g%s 6156 tl has bceen ?If)ungo tht vargfl ng the voltage of one

of the stafor lesigdcof tmetbma:éefncmgeunf@mﬂmpwewlﬂ ltegegateﬁacb aaqyer

b t 0 d t t I

oo For_exafsroie 18 indlaled o Bohectne: 1 o ERengR et i B ces <o
through S6 = &feclode f3 at a%ﬂv&ltag@%@ﬁ% lafid tvﬁi&@o lf@ﬁ’)eéenwmaffm)é%iech%d@t x =0
mcrometers. Switching to &Yise (SO through S6 = 011} ) 10

woul d resuljt isatteheOrmoltage lamypwajlytgromd: s indicas melteg@ onatbgmmg t he
Che. second 'sfét‘e%&?& T byyest | wﬁ%%ﬁém&?‘a“ﬁepﬁ@ t%?%% 0
to 1, whihg ! emf@&ta%te trtb% aﬂéé)l%vélk ﬁfagr&cteadat ,{}hspﬁ atP iP5

val ues, to ach| e ner res ut [ on ition ntr ol 10% of the
fixed step (xparticuldf implenentations ) Inc thel depisted comfiguration, tthe t\rhkagﬂsaatdhe

electrodes set at SO through $6.= {0 0.1 1 0 1.01 .Thi g may be t hought
of “as. a mod e PgRrods el ehangerRather a8 Wil b, Prpleingth Bieaftage o8
general ly to iuesistePeleb@6des)até 9ied P8 daethe 3afkn $ affing eRelrodthti fdréesasbd eved
via proportional control of one of the 10 stator electrodes in each stator

el ectrode gr otemoxes thermovextreldtive/torthe stdtorhed |ines in table 162 the
proportional electgrode swi.tches. wth eac h se vancengnt . .
proporti oﬁgl ly con%?@l’?éﬁ“tgog’ E’ﬁaéeS@tOf ﬁﬁgﬂp §imi yf‘BT‘mg ™ 2 and
so on. Genera ode is
equal to (phaglgxar %bﬂgﬁgqonce tﬂﬁéﬁ%o%gl?g {lhgﬁ eterm neggat he ?gﬁéstator
el ectrode to hmvenntectrbdlesd stator électeades | N56dtypizally razel uniformlyaspaaedifrone or
software inplementation qof the nod 7 | 5 shows v veforrrs
for each of t ﬁg"‘?%@s% tg‘tt ey have Fd’&e‘ggpd’“é’ﬁp%ﬂ?‘?’ﬂﬂra?s wil k’ g@}v rode
group. As theg ’“glf'ﬁ”g‘f] ﬁ'f)@@st;p ses, each
stator el ectro%e is at t}ﬂﬁ% dljgg %ﬁrmi?l)% cgfr?%ecutl\?g hases,
transiti o8 througAs amdicagiéed statopeldetrddes 156 ane ptdwdckl inl £vembér <1t’groiq:aetr Si X
consecutive p depi ct ed vef on I tions
bet ween t he Lgﬁiﬁ'ﬂt Fﬂc?tfevmse‘ten&@ Wgém é\’/héé gﬁméﬂ' fiﬂ“éﬁfrode i s
proportionall trgtl{ S t ition
occurs. 25 Fo}/o gggé q?é I'n éaggegaf'slﬁe S%ee ect og% m@“gﬁg@%ﬁﬁg |y
controll ed, adtffdrcmmtag@states,rmnphdébs. oThtése phasesrujetrqa'bsqntme table 163,
one.scal ed val ue .between t | evel in

[ [ 1 d Hi
ggg?%oggm @'&ﬁlﬁé sehemptic) representat %Oét@‘pt"&&”@ﬁé;h Ay pecappliedde thave of her
el ectrodegsr ﬁ?@tg? ?etcuwgs {d' prodtice-the' FR4fES rlBRVd MoSEmENt. PRI row Wil N this

may be thoug
table 162 deﬁnes a particular phase and indicates the voltage level applied at

stator electrodes SO through S6 for that phase. For example, in phase 0, the HI
voltage level (e.g., Ve, which is represented in the table by a 1) is applied at the
SO stator electrode, the LO voltage level (e.g., ground) is applied at the S1



11 nodification of phase 9. Wen S2 is set at 0 (LO, phase 9 is unnodified
fromthe voltage state shown in table 162 of Fig. 4. As phase 9 is nodified
by i ncreasing the voltage on S2, a proportional anount of displacenent
occurs, that is, proportional to the fixed step size that would occur by a
sinple 5 transition fromphase 9 to phase 10. As the voltage on S2
approaches 1 (H'), an anount of displ acebent has occurred which is nearly
equal to that which would occur if the phase were sinply swtched to phase
10. | f furt hestathirsjectrodeveand soondcAs inditated thees @retfpumem%ffp@gbehm@%w t ched

to the levels _specifi by, phase 10, and e. prapgrtignal r

switches to Sg‘,ep\m:t%he °§tré/4f%; 3@%_%1“6%?'{“1 g’ﬂ’ﬂ%acg}fh@} Ialé’d% §ﬁ%c‘ﬁﬂ§\/e the
desired di spl qe4@ERIdN- frdiiWne pHasé\td h sBquentiMl L adjaédn phisy (i, ihéressing 80 Di eces
of information are necessary to position the nover. The first is the phase.
As di scussed decressing byeopdpbase)ledusesimoeer 164i tormave telativelte statardS8 biysa t o be
proporti oggll¥_ controll ed, and whether a H or a LOlevel is to be applied
to the re 'n"ﬁ@gﬁ&ﬂs‘f& proportional el ectrodes. The second piece of
information is the i L | 813 volaké SattérA REohbL iRl

el ectrode in or derAtngpl)% uggal% seé%%gq‘&gggﬁt%’egﬂdi spFa?grrent. Bot h of these
itens may be zerosdefimesktyda given phaseitypically is appligd tel each growpf sevenistater
exenplary contyol ¢o nd 170, .whi ¢ch inc¢cludes an ,jnteger, 20 val 172 and a
fracti onal vaFG&W&&%ﬁt’é’ﬁeW% QW?ﬁgp%‘E'Pf'i eé"t“ﬂ@ﬁ?ﬁlﬁbé‘r sﬁ?“lfgh%e st eps
(the displ ace . i trBi&SHe : ipedl O nove
fromsone refe enééﬁggﬂgt@ft%&?hme&above e?gﬁrrgagg eg%ﬁdgﬁgsé%mg?g%ﬂ%sovi ded
0. 2 m cr ol@t eThe sfatoticlaztrodes e physitallyrpupeddstcauseegeh grompunclide severan 8- bi t

nunber, thus acco dat.ing up to 256 _phgse steps. This uld 25 ovi de
roughly a 50 #@tor b F&qu}%ﬂgéﬁmeﬂté anpthey;on, é?r?%"ntﬂ"é’ssum ng

the 0.2 mcro . i tfucﬁfsg s usef ul
for the exem%@hﬁfgﬁgw ce ﬁggg?g%ggg egvug.é'féiggﬂlé-ﬁs@%@byﬁe
i nt eger val uestatot! electrddes forcwhichethe eelevtrical iaetivity repeatsnidentidatly sover theesi r ed

nunber of phase, steps, 12 Integer value 172 typically is processed to
yi el d a 4-bi t entire Jengthiofiths rlegtrode surfaee. p Fach gspun meeves e same set oljes.

Thi s may a i onverting integer value 172 to a base 14 val ue
15 AR R B4 R

using a hard i npl enented nod 14 counter. Alternatively,
the integer val ue Fatvedeh glolisifi|163 Dfosensitblatst dlectiddes,theeare isix moveof the
foll owi ng base 14 conversions: ( 1 icphase = iv - INT(iv/14)*14, where iv
i s the integepleotipdes;oceupying thesame length ot mayepas ipdivated. 7Phys; G = 14.
To nove the [ S| FVedetrb8Ss. U YR | Y
cycl es stat oméﬂég rtg egsdt%dggapﬁgosug%(sg}l]ﬁagféé gfeéslmn glr'\;:g“ nggée)cg}g%?i al 10
phases. By wagroupingh|andt piedh fatios anay e usbdt Fdrcexumyple, the systern ma§ béhen
integer value 172 is 0. Wien integer value 172 js _at S0, the mgver has
noved to %0= cenfigyred so-thabthe; statereleetrades are; organized nte lpgicaligroupings ofc = 10

m croneters), the stato I [0 i e O = {110 1
010}). To nBPLe toﬁelg#oggﬁ g%&?hggaiﬁeﬁi c%ﬁgﬁ? soq.t g.%xpg}»'zgk'%ﬁ%fé ers, an
addi tional SCelebpédes to théiRer electradRs i) bel MiSor dioftidrivathevéthér thdeife 8, the
phase is increased SO times (from phase 8, to phase 9, 10, 11, 12, 13, O,

1, etc.) to prédatieotthe dspistedexampla.ectrostatic forces to effect the

P
d i d i . A . a i 1 |
val ue 174 speci 1 Qg by b ARl G% BENAAETE v S0pd pBUBRAE, of k! 070

25  the depicted example, that the stator-mover pitch ratio be (n):(n-1), where n is

the number of stator electrodes per logical/physical group. In general, the
mover step size per phase advancement is a function of the motor electrode
geometry and the relative force constants of the motor spring and electrostatic

drive. It will be appreciated that, for the above stator-mover pitch ratio of



20 and is used to scale the voltage which is applied to the proportionally
controll ed el ectrode. Another way of thinking about fractional value 174,
isthat it is a specification of how nuch a given phase is nodified from
the unnodified representation depicted in table 162. In depicted control
command 170, a 12-bit fractional value is used, yielding an ultimate step
size that is 4096 2S tines snmaller than ®he basic step size produced by a
phase advancenent. Accordingly, using the 0.2 mcroneter phase step of the
above exanpl egn):(nhi), édthbtrdnsitionctoi anretjacent please resultsids a fixed stepesizd equabn t o
0. 0S nanoneters '

0.2 t /[ 4096),. 1 /20 of ter. 13 It
will be appre&® Htedﬂ( tq‘mlfgﬁ g@"glt' gﬁ%‘i‘?‘?"érﬁ’)“b‘ggf{ th%%t?'&h%@ig@?@f 'P“f%frﬂd"%omrand
d i bed ab ' . '
of “oper ati on. P aRalBfyded ESE, Phis AiHEs S the OMEltalio BELE Biiied o 250

converter, whibgiweefiCtheVélecteodes dist much Nirgbr §ifand the @vldr epriig ForeerNBod 70) and
produces an anal og output (e.g., physical dls?lacenent of nover 154) in

response. Fhe exampig: asseminga moxer electtade pitak af 1idsmiczemetorsapdisevn $YOr because

11 ot he sy SRS S A ize W 2. o st THAF, RRbgho o
wi t hout know efhde 164, chigitip dey dtaton dletesdevultages f6inghase Sto eieer phageny abl e

system In addition, the described proportional control schene enhances
novenent resolentd il resulthin0.2 averometess afi aelativ xraxds displageraentobetweer| ex

that rmy e uStavet 54 B wefbr, 138 Bitebd. In (95 - Rafese SRABEHp Sy SEWIEIR ST
A hal f br iidge diffétentsphbSesPstontl ffltablR 162 Ghcréehtivy 6f décrementiify thedstiase Each
hal f bridge includes an input gate 182 coupled to a P-FET 184 and an N FET

186, wit h accbmonayilgauseldmicromstersofglisplae¢ementt Ve, and an out put pin 188
achi eve. pr opor t1 onth MBBR G BF Wsrchies e By R e pirdyode Brabey” '
proportional | s gduabate! | RCoWeRS itrie @esifdbis td imkfease the resolution of the mover
(e.g., by decreasing the step size). For example, in one implementation of the
15 storage device described with reference to Figs. 1-3, the data tracks on storage
medium are 40 nanometers wide, or 1/5 of the 0.2 micrometer step size in the
above example. To accurately access data tracks of this size, a much higher
mover resolution than 0.2 micrometers is needed. Positioning at higher
resolutions permits effective use of closed-loop servo control, reduces
20 quantization errors, and permits operation of the storage device in track offset
modes, as is often required for data recovery operations.

Referring still to Fig. 4, a system and method for increasing mover
resolution is depicted. Generally, the step size is reduced by proportional
control of the voltage at one or more of stator electrodes 156, It has been found

25 that varying the voltage of one of the stator electrodes between the LO and HI
voltage signal (e.g., between 0 and Ve) results in a proportional linear scaling
of the step size. For example, assume that for phase 1 (levels on stator
electrodes SO through S6 = {0010 1 0 1}, as seen in table 162), the mover is
at x = 0 micrometers. Switching to phase 2 (SO throughS6={0110101})



20 by the dashed diagonal lines in table 162). A voltage divider 192
(resistors 194 and 196) and a D-A converter 198 are coupled to the inputs
of the op-anp. Electrode table 162 is the sane table depicted in Fig. 4,
and contains the voltage |levels to be applied to the various stator

el ectrodes. Driver 160 may further include a processor 202, nenory 204, and
ot heif hardware and software 25 conponentld configured to performthe
functions described herein. As indicated, control conmand 170 is applied to
driver 160 aswanld repult in e moweriadusicingiesc il thicrometegs; assuming thie/step

speci fies a nunber of phase steps and the phases) in _which the stator

P,
el ectrodes nuske sisqyssedogbavs. alistead of: advapeingdn Jd@sedy dhe NpltagseR dhen ¢ he

phase, the vo t?cf?lPl ' . - ' r

el ectrodes ar g&%ﬁg\%ﬁ?&#}% ca I@?ﬁ%’g%éeﬁégf ?éé%@p g‘rc ggagﬁﬁpiggﬁgéaé’z‘gﬁ%ﬁ stored
val ues, such bavingalief the tithstatorietectrodéscat théir phase.1 vhludspto dchievedinepus
phases. The phase sel ection causes inputs to the nonproportional electrodes

to be swité&hefesoliion positioncpatral drhws, 0% of thefixe X ©8.03 misromgiessy to t he

1 e A A A O RS2 L
non- pr opor t i 00al). qih@rhaPEE houghesfusa “midificition” 0fphdSe AET 184 sat urates,

tying el ectrode output 188 to Ve. If a O is applied to the gate, N-FET 186
saturates, gr oundi'ﬁglstln&lltalw be ¢xtended umore 1genTrally\t9l the depicted systeme al so

Speci 11 cal 1y, WA iokckaet isobiiBiis SRR v TrhBSciBhAGigl 8 opf ot e, °
sel ectivell§ Coidiradectiodss if ShétRbtates cdittrdde ghé\th. AR inditafedtly fHeOdushied an

out put between ground and Ve at the output of ‘the half bridge. Based on the
phase sel ecti tines iimpablegd62, 182 prepartienaletlectrede Iswitchesr ivdthe each jphaseupl ed

s Coupted- o svaacsmet, ° Ribroporgipnail BatroliEd B el & Rurhh Phaw 19| %
desi red propogdr ghageé 2 2hd 889n! SG&{e?ﬂlgeﬂ.@' ifdicdte i tabRH1 62 fthé bﬁ)f‘éﬁicﬂﬁt ed hal f

bridge by supplying D-A converter 198 wth input 210. Input 210 is set at

either: ( 1 ) ekeotradeois equakto(thase mofl Zct Thamapnaeathephaseris determined; tixo
fractional .value 174 i 2-bit nber or 1-.fv/ 4096. , These two cases
et ks pafor slebuepfle fo BF capdollBREY be ety delortidel i netags bt

i ncreasi ng VQbéfﬁﬂ&e%pIeﬁﬁbnﬂftﬁﬂfoftﬂ@ﬂa&ﬁb?&trOde (case 1), and at other

times it is increnented by decreasing voltage on the proportional electrode
(case 2). ReferrinEigt 5 shows woltageywavefomisforeach of the se¥en statoreelectrodes

transitional slope.s 25 positivVv when the Fig. 4 tabl.e entry. far, the
cl ectrode |'s I BpatiBalar Balf eleciaboa upe Ax e sudém s Hapaomsip f e 1)
Wiere the trangidifferat ;ﬂiﬁ?éAh? dash NRAIBE eVRtrbl8E dthheFLO 16Vel f(b* ol y for

the electrode is a 1), converter 198 is provided with 1I-Tv/ 4096 (case

2). 15 2be casetutivecphases, tpnsitioputhréughnord- phasenanst then id 88thesHhlgyel ed as
an input to op- 190 via the,positjive, terninal,, along wiih the
Vol t age- di vi dbd 180 EPROMeCHVE Rbaes; cEeclePicied Wav{ages Sty dRORS THPRRA ded i a
the negative {&ididial bet®deh tR&TLO hndl Hi NEVds,’ HAiaing RAY 3! fibeh &Rt S 11
op-anp 190 reaching

electrode is proportionally controlled during the phase in which the ramped

transition occurs.

25 For example, in phase 9, the S2 electrode is proportionally controlled,
and transitions from LO to HI. During that phase, S2 is proportionally set to
some scaled value between the LO and HI level in order to achieve the desired
amount of displacement, while all of the other electrodes remain at the HI and

LO levels specified by phase 9. Again, this may be thought of as a



5 an equilibrium at which point the desired proportion voltage is out put
fromthe selected half bridge and applied to the given stator electrode. It
i s”believed that the disclosure set forth above enconpasses multiple

di stinct inventions with independent utility. Wile each of these

I nventions has been disclosed inits preferred form the specific

enbodi nents thereof as 10 disclosed and il 1 ustrated herein are not to be
considered in alimting sense as nunerous variations are possible. The

subj ect mat t emmadificationiof\phases DnWhenS2uid et at DALEYyphase Ads womodified fiom

conbi nati ons d subconbi nati ons of, t varj.ous e] engnts, .feat

functions and# vB#?ﬁ?e&?‘F s (B @L&dv@epglﬂr\g %i rﬁl‘ﬁ gﬁ?sﬁsg %EP&‘%“%‘Z"’& ai s
recite "a" or iﬁ&egsh{%sfﬁ'e f‘dlﬁ?@’ﬂn Sz, EP%p%%délﬂaﬁibhni B dRplacembrithocklrsC! ai ms
shoul d be understood to inclfude incorporation of one or nore such el ement s,
nei t her requi rthatgispproportionadli togthewfixerd stepr size (that wiovldencaur by a sinipdé i eved

Lhat b a1l o o ST Rad Lol PRL B ohofer O Bttt e anc
are novel and sinGiY o pldciit hA SR if'nedrleEaid 6 WA NS, and

subconbi nati ons eatureées, ftunctions enents an r properties may be
cl ai med t hr ougvouldmyedureif thef phive weees simply | switchedr topphkaseni®it | Enfusthenew

Chather They SisplasPmesh st oeHrad dhs Alsegde ViVBRE SFF Svighed i b Jevalte same
i i , wh i i . he 25
i nvention ledﬂbg {pﬁss%nfo ahggrgéggop?ﬁ@pgngggéﬂe FetttREs td“s%cﬁﬁ’i%h o the

original claink, are so regdar wthin the subject matter of
t he i nventl0onsher propertipnallyecuntrolled tocechieve the dsSired displabémént. An el ectrostatic

oper at i vel y af i xe bl BAlD be:appresiaged et bleastatn pesss Qo mymatan afe
oL 5oL o 0 SRARAT pobb S ! Ty R FICHART 4 Bl bEhACTDV 20 o
el ectrodes 15zheplthsé detefrhinies whidhesf the dlestrddes; is aoble propoitionally 6onteslledl] gur ed
to drive the stator electrodes 156 into any of a_ .
and whether a HI or a LO level is to” be applied to the remaining non-
15 proportional electrodes. The second piece of information is the voltage that is
to be applied to the proportional electrode in order to produce the desired
mover displacement.
Both of these items may be incorporated into a multi-bit digital
command, such as exemplary control command 170, which includes an integer
20 value 172 and a fractional value 174. Integer value 172 specifies the number of
phase steps (the displacement resulting from a phase advancement) the mover
is to move from some reference point. In the above example, each phase step
provided 0.2 micrometers of displacement. The depicted integer value 172 is
an 8-bit number, thus accommodating up to 256 phase steps. This would
25 provide roughly a 50 micrometer operative range of relative displacement,
assuming the 0.2 micrometer step size discussed above. This range has proved
useful for the exemplary storage device discussed above. The bit-size of the

integer value field can of course be modified to accommodate any desired

number of phase steps.



plurality of sequential voltage states, each voltage state being defined by
a conbination of LO and H voltage |evels existing at the stator

el’ectrodes, where transition fromone voltage state to a sequentially

adj acent voltage state produces a step size of relative novenent between

t he nover 154 and stator 158, where, for each of the voltage states, the
driver 160 is further configured to seld&tively vary voltage applied at one
of the stator electrodes to an anount between the LO and the H voltage
levels, in order tiatagepdulue E720typivatlyiispabdesse yield at4epitsvahee whichThe

el ectrostatic drive of claim1l, where the driver 160 is configurgd to

produce rel at Bpesifiesvtbeephase of the statorcelpettases.1 sEhis maays be taseomplished ¥4 on a
digital trol ' 170, t ' 60 ,bei fuyrt ' dt

ot aduce 1ol at FveRREIRISEE PuubIn ¥ hbRteracyaiEldih b ot LRI Ly o
linearly w thirhpemehtdd nidd ¢4 béuriér. 1XRernftively)the intSierQ'alu'Ehﬁ?ebéairéa@t atic

drive 150 of claim2, where the digital control command 170 includes
speci f i cat § oncenvenad tasthetphasevia pa¢ of the follewingdase 14 conversioges (3) phase = 4. The

I ic,dri S laim 2. wh .the digital I d 170
nludes. apecht el TAR AT 1gna i s B imiebie Vil or KO0 Whe. 100 T hat o e

to receive a mrq’@dg.pﬂﬂgg@... @24y 4bet veen the LO and the H vol tage

| evel s. 5. The electrostatic drive 150 of claim4, where the digital
control command 1700 imeveudhss mdver & Hesivede numbeoraf phase osteps| elrivendid 156

t hat t ' jed volt ich i the .LO and t.he H
Vol tage | evel DPRBlE eories stk figrolrc  Soyreue ot Ak HES et g sRdtrmbal | age
varies from ephdigd. BYwaylof\ilthst@ten, @Mihe tHat iHeSmbeer'io bt 2920 whetlintegerl8 6.

The el ectrostatic drl.ve 150 of claim1, where t he nover el ectrodes 152 are
spaced uni f or walye 172 ds @.aWhent integer yalie UA2risat HQ, the moayer bascmpveditesx £56 ar e

d unif f h other. 7. The .el tati g, dri 5Q af cl ai
o wher o the 002G Ve Riomet; alio, Lt pRit (16X o Ficepiales)y e [

spaci ng betwe r {neq.%g ﬁﬁ‘ﬁu L 09 3fd iee | 50
of claim 710, &\a’r?g?%cﬁlpi&f@ %ﬂ@%% ele t§%st ttf{gqgirll"\/]?t i%dofﬁog%“rr%ri si ng:
a pair of objmover drother 1fBmicrohewts tock =R0micrometers,iancadditionak 56 phadeer ;

15 steps are needed. Thus, starting with phase 8, the phase is increased 50 times

(from phase 8, to phase 9, 10, 11, 12, 13, 0, 1, etc.) to produce the necessary

electrostatic forces to effect the desired motion. At the 100™ step, the
electrodes are in phase 2.

Fractional value 174 specifies the fractional value of a given phase step,

20 and is used to scale the voltage which is applied to the proportionally

controlled electrode. Another way of thinking about fractional value 174, is

that it is a specification of how much a given phase is modified from the

unmodified representation depicted in table 162. In depicted control command

170, a 12-bit fractional value is used, yielding an ultimate step size that is 4096

25 times smaller than the basic step size produced by a phase advancement.

Accordingly, using the 0.2 micrometer phase step of the above examples, the

12-bit fractional value provides mover resolution to 0.05 nanometers (0.2

micrometers / 4096), or 1/20 of a nanometer.



a plurality of electrodes 156 operatively secured to one of the objects,
the el ectrodes being configured so that application of voltages to the

el ectrodes 156 creates electrostatic forces which effect relative novenent
of the objects 154, 158; and a driver 160 configured to selectively apply a
vol tage | evel to each of the el ectrodes 156, the voltage |evel being
selected fromthe group consisting of aldl level, a LOlevel, and a

scal able I evel froma range including | evels between the H and LO | evel,
where the H | evel Itowill be dppréciated that theproputtion cahtrolesysteny mad odontrok

el ectrodes 156; and the scalable level is applied to at |east_one of the

ot her el ect r og@®magd deseabed tabeve|rprowide 18 onymbes opf jaguanteseso tQrg sysh yi ng

otat i ve moveRATPERCln SRR o Shebion” b 2 iske, e ReRlileli SRRk Yo B 5L ° N
el ectrostati caigitét 4o ¥ifdlog WBAVERSr, SWHIERORcEION @e dighdl iApEP gé.g.i, Nébntrd] st or age

medi um 154 and a plurality of storage nmedium el ectrodes 152 operatively
af fi xed t h8r ecommanddd6p end peaduces aD 2nalog dutpms 468y physieal alisplacemenhef st or age

T T 154, N Bt TSSO SR Bl SRl
el ectrodes 15844 fe&%ﬁ@c&bé‘%{;&%?@é%%ﬁtﬂﬁ\g v%ﬁ&eéﬁtlﬂedigﬁg irg\?ﬁ The, the

storage nedi um 15 access bel ng nova ative to one
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. A& AE gate 182 coupled to a P-FET 184 and an N-FET 186, with accompanying

connections to ground and Ve, and an output pin 188 for the stator electrode

voltage. A regulating op-amp 190 is provided to achieve proportional control
of one of the electrodes (e.g., the proportionally controlled electrode specified
20 by the dashed diagonal lines in table 162). A voltage divider 192 (resistors 194
and 196) and a D-A converter 198 are coupled to the inputs of the op-amp.
Electrode table 162 is the same table depicted in Fig. 4, and contains the
voltage levels to be applied to the various stator electrodes. Driver 160 may
further include a processor 202, memory 204, and other hardware and software

25 components configured to perform the functions described herein.
As indicated, control command 170 is applied to driver 160 as an input.
As previously described, integer value 172 specifies a number of phase steps
and the phase(s) in which the stator electrodes must be placed to achieve the

commanded movement. Based on the phase, the voltages to be applied to the
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10% & () - | 10%#te grppomiprél-electiode & Spédfically, the phase determines which of the half
bridges will be selectively coupled with regulating op-amp 190, in order to

produce an output between ground and Ve at the output of the half bridge.
Based on the phase selection, input gate 182 of the selected half bridge is
15  coupled with the output 208 of op-amp 190. Output 188 of the selected half
bridge is coupled to the input side of op-amp 190 through resistor 196.
The desired proportional voltage is produced at the output of the
selected half bridge by supplying D-A converter 198 with input 210. Input 210
is set at either: (1) fv/4096, where fv is fractional value 174 (assuming
20 fractional value 174 is a 12-bit number), or (2) 1-fv/4096. These two cases
respectively reflect that displacement is sometimes incremented by increasing
voltage on the proportional electrode (case 1), and at other times it is
incremented by decreasing voltage on the proportional electrode (case 2).
Referring to the voltage waveforms of Fig. 5, where the transitional slope is
25 positive (when the Fig. 4 table entry for the electrode is a 0), D-A converter
198 is provided with fv/4096 (case 1). Where the transitional slope is negative
(when the Fig. 4 table entry for the electrode is a 1), D-A converter 198 is
provided with 1-fv/4096 (case 2).
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The resulting analog output from D-A converter 198 is applied as an
input to op-amp 190 via the positive terminal, along with the voltage-divided
output from the selected half bridge, which is provided via the negative
terminal. Application of these inputs eventually results in op-amp 190 reaching

5 an equilibrium, at which point the desired proportion voltage is output from the
selected half bridge and applied to the given stator electrode.

It is believed that the disclosure set forth above encompasses multiple
distinct inventions with independent utility. While each of these inventions has
been disclosed in its preferred form, the specific embodiments thereof as

10  disclosed and illustrated herein are not to be considered in a limiting sense as
numerous variations are possible. The subject matter of the inventions includes
all novel and non-obvious combinations and subcombinations of the various
elements, features, functions and/or properties disclosed herein. Similarly,
where the claims recite “a” or “a first” element or the equivalent thereof, such

15 claims should be understood to include incorporation of one or more such
clements, neither requiring nor excluding two or more such elements.

It is believed that the following claims particularly point out certain
combinations and subcombinations that are directed to one of the disclosed
inventions and are novel and non-obvious. Inventions embodied in other

20 combinations and subcombinations of features, functions, elements and/or
properties may be claimed through amendment of the present claims or
presentation of new claims in this or a related application. Such amended or
new claims, whether they are directed to a different invention or directed to the
same invention, whether different, broader, narrower or equal in scope to the

25 original claims, are also regarded as included within the subject matter of the

inventions of the present disclosure.
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thereto, the mover and stator being movable relative to one another via
electrostatic force generated between the mover electrodes 152 and the stator
electrodes 156; and

a driver 160 configured to drive the stator electrodes 156 into any of a
plurality of sequential voltage states, each voltage state being defined by a
combination of LO and HI voitage levels existing at the stator electrodes,
where transition from one voltage state to a sequentially adjacent voltage state
produces a step size of relative movement between the mover 154 and stator
158,

where, for each of the voltage states, the driver 160 is further configured
to selectively vary voltage applied at one of the stator electrodes to an amount
between the LO and the HI voltage levels, in order to produce a proportionally

smaller step size.

2. The electrostatic drive of claim 1, where the driver 160 is
configured to produce relative movement between the mover 154 and stator
158 based on a digital control command 170, the driver 160 being further
configured to produce relative movement between the mover 154 and stator

158 that varies linearly with the digital control 170 command.
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4. The electrostatic drive 150 of claim 2, where the digital control

command 170 includes specification of one or more of the stator electrodes 156
that are to receive a varied voltage which is between the LO and the HI voltage

levels.

5. The electrostatic drive 150 of claim 4, where the digital control
command 170 includes, for the one or more stator electrodes 156 that are to
receive a varied voltage which is between the LO and the HI voltage levels,
specification of the degree to which such varied voltage varies from either the
HI voltage level or the LO voltage level.
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7. The electrostatic drive 150 of claim 6, where the spacing between
stator electrodes 156 is (N-1)/N times the spacing between the mover
electrodes 152.

8. The electrostatic drive 150 of claim 710, where N=17.
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156 creates electrostatic forces which effect relative movement of the objects
154, 158; and

a driver 160 configured to selectively apply a voltage level to each of the
electrodes 156, the voltage level being selected from the group consisting of a
HI level, a LO level, and a scalable level from a range including levels between
the HI and LO level, where

the HI level or the LO level is applied to at least one of the electrodes
156; and

the scalable level is applied to at least one of the other electrodes 156,
where the driver 160 is configured so that varying the scalable level between
the HI and LO levels proportionally adjusts the relative movement occurring
between the objects 154, 158.
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108 on the storage medium 154,

™,

a plurality of access device electrodes 156 that are fixed relative to the
access device 102, 158, the storage medium 154 and access device 102, 158
being movable relative to one another via electrostatic force generated between
the storage medium electrodes 152 and the access device electrodes 156; and

a driver 160 configured to drive the access device electrodes 156 into
any of a plurality of sequential voltage states, each voltage state being defined
by a combination of LO and HI voltage levels existing at the access device
electrodes 156, where transition from one voltage state to a sequentially
adjacent voltage state produces a step size of relative movement between the
storage medium and the access device,

where, for each of the voltage states, the driver 160 is further configured
to selectively vary voltage applied at one of the access device electrodes 156 to
an amount between the LO and the HI voltage levels, in order to produce a
proportionally smaller step size and thereby increase resolution of the relative
movement occurring between the storage medium 154 and access device 102,
158.



