-1 DECOUPLI NG OF ACTUATORS FOR POsSI TI ONI NG AN OBJECT Field of the Invention
5 The invention relates to the use of notorized actuators cooperating to
drive and position an object, such as an end effector attached to an XYZ
linear notion table, in different orthogonal directions. 10 Background and
Prior Art Linear notion tables that are._mavable in orthogonal X Y and Z
axes (also called XYZ |linear notion tables) have gai ned popularity in the
machi ne tool and sem conductor industries due to the conplexity of notion
combi nations 15 demanded for the appllcatlons used in such industries. One
common applicat . ect, for
exanpl e a SGH]C@E' IJW% "é%‘ fimen ﬁ F 0@
such as a table or platform By controlllng the p05|t|on of the pl at f orm or
tabl e, the bond, head may be positioned accordingly. 20 The sinpl est
configuratioﬁiﬂgﬂiﬁﬁlﬁﬂzﬁpﬂnear notion systemis the with three overlying

| i near notgi on tables, the notion of each table being controlled by an
actuator coupled to the table and serV|n? to drive the tabl e al ong one of

t he orthogorfdie invention relades ta thet uses otimsiajized tastuaigrs givoperating tactrivat or
controllin rlyi nASRE r t her
tabl e si ncg ﬁ‘daﬁb&ﬁ%ﬁ g 0%%3& @Cﬂ Q@ to n%@%aét{é//& ?ﬁa%ﬁg% %reg(ﬁy %9 However
the size as mebntauetMGMMHethﬂmbonﬁenmmHMHior supported by another tabl e
and driven by another actuator are obstacles in obtaining high speed notion
and position wth extrenme accuracy. Wen the |oads on the notion axes are

i ncreasedp 3BacRaio0H8 apt Fhloep® such as vibration of the structure arise so
that conplexity of the systemmy need to be increased to try to contain
the problens. It is therefore desirable to reduce the |oad being carried or

driven by eaghheRGhétRInOfablesZhat are movable in orthogonal X, Y and Z axes (also

called XYZ linear motion tables) have gained popularity in the machine tool

and semiconductor industries due to the complexity of motion combinations
15 demanded for the applications used in such industries. One common
application is the use of actuators for driving an object, for example a
semiconductor bond head which is attached to a support structure such as a
table or platform. By controlling the position of the platform or table, the bond
head may be positioned accordingly.
20
The simplest configuration for an XYZ linear motion system is the with three
overlying linear motion tables, the motion of each table being controlled by an
actuator coupled to the table and serving to drive the table along one of the
orthogonal motion axes. In this design, the weight of an actuator controlling
25 an overlying table may generally be supported by another table since the
actuator is designed to move with the other table. However the size as well
as the weight of the actuator supported by another table and driven by
another actuator are obstacles in obtaining high speed motion and position
with extreme accuracy. When the loads on the motion axes are increased,
30 various problems such as vibration of the structure arise so that complexity of
the system may need to be increased to try to contain the problems. It is
therefore desirable to reduce the load being carried or driven by each

actuator.



In order to mnimze the effect of increased weight on notion stability,
several nechani sns which sought to decouple the dumry | oads fromthe notion
axes were devel oped. "Decoupling” in this sense nmeans elimnating the
interrel ati onship between one actuator and anot her so that the whol e wei ght
5 of one actuator is not carried or suppaorited by the other actuator. Unlike
tables that are only novable in the X and Y axes which only require one
actuator to be at least partially decoupled from another table al ong an

or t hogonal nonicoder taxaisimize freceféapliofincreased aeigh @nandizrostpbiéty, ¥&@ralabl e al so

I nvol ves the coupling.of a third actuator from another t notion axes.
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pneumatic cylinder nmotor or the |ike which have relatively smaller weights.
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act uat or fr omxis,talprereduisite ntobhaviagod hicotipled axYdatables als® givolvesi theFl G 1.
The three co-Qrdi nlatefaxt S Oft a gartesi En > st em of co-ordi nates are narked
with X, Y, arfffcouPliigey& fird ggtustor fiom angy ?feéf\édﬁ‘a%m}%‘e&- vertical direction. A
conpound toabl e 44, which is driven by an X actuator 41 and a Y actuator 42,
i s novabl e along the two, m)fgg% 25 axes X and Y. Tnese two notion axes can

ei t her be coupIBestdrONYeag lneay MolioNeSYsemS PR dWPALYIIYE 216 t he

CO”DOUHd_ tab'&u%l%dbﬁb é’adhabt'hepfto GUESHang extthit. %ilh*@t&@@&&%@tﬁeﬁl%rﬁ)ﬁ‘l and is
novable in the direction. A Z actuator 43 drives the tabl e 45 to nove
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in the Z direction. cont act can be constructed wt
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SRS tablo? #1% M‘e‘ Iw icthhﬁa\(/:é) @I%H@eﬂy ts%%ll%r Aweigﬁg.eilo%leggrg with demand
increasing for higher positioning accuracy and faster acceleration, the use of a

linear motor having a heavy stator weight would cause greater concern.

20 A prior art apparatus which decouples a third actuator from a table driven by
another two actuators is shown in FIG. 1. The three co-ordinate axes of a
Cartesian system of co-ordinates are marked with X, Y, and Z, wherein the Z
axis corresponds to a vertical direction. A compound table 44, which is driven
by an X actuator 41 and a Y actuator 42, is movable along the two motion

25 axes Xand Y. These two motion axes can either be coupled or decoupled. A
Z table 45 is guided relative to the compound table 44 by a pair of guidings 46
on the compound table 44 and is movable in the Z direction. A Z actuator 43
drives the Z table 45 to move in the Z direction through a contact 40
connected to an auxillary coupler 47. This coupler 47, which is guided by a

30 stationary rail 50, is movable in the Z direction. The contact 40 can be
constructed with sliding material, a rolling ball or the like so that it can slide
over a surface 48 of the Z table 45 while the compound table 44 moves along
the X and Y directions. Permanent contact between the contact 40 and the

surface 48 is ensured by the use of a tension spring 49, which is preloaded



the X and Y directions. Permanent contact between the contact 40 and the
surface 48 is ensured by the use of a tension spring 49, which is prel oaded
-3 between the conpound table 44 and the Z table 45. Thus, the Z actuator 43
can be nmounted to a separate support and is decoupled fromthe notion

tables 44, 45 while they are being drivemby the X and Y actuators. 5 The
actuators 41, 42 and 43 for these linear notion tables 44 and 45 nmay
conprise mechanical, electrical or pneumatic neans for providing |inear

nmoti on. An ereteééretheoconipmindshblerd4 amdititeed tabte dhe ThusathleeZ 48tuator@@pabl e of

bei ng noved i t ' tLons. throu ination of. novenents
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stacked conf itgbleatddp45 white thelylaee Beingldrieen by tith Xantladtoatoted on anot her

tabl e, the above XYZ table decouples the Z actuator 43 fromthe X and Y

notion axes. Thus the dummy | oad due to the weight of the Z actuator

mount ed o anieNgétubdi 81C30 A £Y Rirdfdse liggvifbtion labldesnmbl 40 niyt of the
auxi liary coupler 47 as well as the surface 48 after prolonged usé of the

system may adipaisisey Megehaniealpglastiqaé arepegyumaficampansofirt premigindativegracy of

t he XYZ tabl NAr i = i 1d A
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wear i ng out Or%o&e'?ﬁerﬁ?%ﬁg_rggﬁ%:?\%grﬁzr@ﬁéébﬁ?%ﬂizﬂ’;eVi table due to the friction

produced between surface e'force fromthe anti-backl ash or
tension syxring which keep the mating surfaces in permanent contact should

be great enough, otherw se t abl il oscillate due t | ow response
Lo Sctuat | on ARFPRGAPAD 3100 tabie i 8 stackhtt coftdatsh inpirc e de Bbfas: he
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Summary of the Invention 30 The invention therefore seeks to provide a

plurality of asyaigh & FomothgrX @adanmotion axes. Thus the dummy load due to the
weight of the Z actuator mounted on another table can be avoided. However,

15 the wearing out of the auxillary coupler 47 as well as the surface 48 after
prolonged use of the system may adversely affect both the leveling and

positional accuracy of the XYZ table.

Planarity and smoothness for achieving positional and leveling accuracy of
20 the Z table is an important factor for improving machining quality and to avoid
backlash of the mating surfaces. However the wearing out of the above
contacted parts is inevitable due to the friction produced between surfaces.
Furthermore, the force from the anti-backlash or tension spring which keep
the mating surfaces in permanent contact should be great enough, otherwise
25 the table will oscillate due to slow response to actuation during fast
acceleration. This causes an increase in the frictional forces which will

expedite the wearing of the contacted parts.

Summary of the Invention

30
The invention therefore seeks to provide a plurality of actuators to drive an
object in different orthogonal axes, wherein at least one of the actuators is at
least partially decoupled from the other actuators while avoiding some of the

disadvantages of the prior art as described above.



object in different orthogonal axes, wherein at |east one of the actuators
is at least partially decoupled fromthe other actuators while avoi di ng
sonme of the disadvantages of the prior art as described above. -4 According
to a first aspect of the invention, there is provided an apparatus for
positioning an object coupled to a first.gupport structure and a second
support structure conprising: a first actuator for driving the first
support structure 5 along a first axis; a second actuator for driving the
first support structure along a second axis orthogonal to the first axis;
and a third ; c .S} a : r for_driving the
second suppo%:écsFoﬁr(LPﬁ{,Eoué)ti,W%t ﬁgk’g‘?s‘ﬁé’b‘% @ggﬂo& %%&%\l/%@k%eg&%aqp%\%atp %gqrhe first
support st r ugiositienmga@mpiedtivoupled)o a fiosttsupgom atruttare arvea secwtd suppostecond

axes; wherein,the forcer. is coupled to the second sypport 10 structure and
o ovabl ¢ wiaTHOREe SRRl o N dcuiton i FRETE e AP SnpBagiintig
stationary angoritfs arspbgid; 4 6ecBridEtSAEOIA dEWRE B first SupporBruclPé aloRgng to a

second aspect of the invention, there is provided a nmethod of positioning
an obj ect couhPePndos Prthagonalipdia first AKSt ARG 2atiid ACkAiYnePBRIFIG 8 15
structure COMBrces bigia Sbiofifeiurivify el SdcofitRBBpér SirlttEfe it & Hlldedfdr T St

axis; driving the first support structure along a second axI's orthogonal to
the first axnevemerdvelativegtodhe Sicst suprort storqiuresilong athindraxis odmgonadiot o t he
second suppor. Skt f.1 I i t ively
stationary stté gfstt aﬂgfsg{:cﬁb& %é%ggggﬁé?‘%tfgrc\gﬁ%ﬁr@?egf&}gé g 8&Er[1°gé®&’§ﬁor al ong
a third a0 s stnuctuogandlis movable vath fespedt taitiie statoonahdthesstafior Isere¢ativeiyng

novenent of the. second, support, struycture relative to the first support
structure; antPiPReBLHN a‘ag&@ﬁ&dsff‘ﬁ?ﬁ!e?%38H9§H8p°r£§t6'"bcﬁ‘ﬂfesupport structure and

mai ntaining the stator relatively stationary. It will be convenient to
hereinafter describe the invention in greater detail by 25 reference to the

acconpanyi ng ARG aseePnd ASRRG PhINS IBHRNtORL KM frisheroyided iemeipe Rt on. The
particul arit yhftiohihg oM shpdtddupiad té Eﬁfirét%'ug?@ﬁ' sHE&GFd Md #8ebdnd $iffpokto be

under stood as superseding the generality the broad identification of the
i nvent i onldas s&iEiusecopiprising: cdriings thesfrsbrsuppobesfeuctysei dangfa fiFd oFiEwi ngs An

exanpl e of anyRpRARALHS aporEdtRRELIBSIHSE Wbk LR] BHHRIGBRAISE the first
axis; providing an actuator comprising a forcer coupled to the second support

structure that is movable with respect to a relatively stationary stator; driving

the forcer to move relative to the stator along a third axis orthogonal to the

20 first and second axes while guiding movement of the second support structure

relative to the first support structure; and decoupling the stator from the

second support structure and maintaining the stator relatively stationary.

It will be convenient to hereinafter describe the invention in greater detail by
25 reference to the accompanying drawings which illustrate one embodiment of
the invention. The particularity of the drawings and the related description is
not to be understood as superseding the generality of the broad identification

of the invention as defined by the claims.

30 Brief Description of the Drawings

An example of an apparatus and method according to the preferred
embodiments of the invention will now be described with reference to the

accompanying drawings, in which:



enbodi nents of the invention will now be described with reference to the
acconpanyi ng drawi ngs, in which: -5 FIG | is a kinematic |ayout view of a
prior art XYZ linear notion table; FIG 2 is a kinematic |ayout view of an
XYZ linear notion table according to a 5 first perferred enbodi ment of the
invention; FIG 3 is an isonetric view afgan XYZ table that enploys the
principles illustrated in FIG 2; 10 FIG 4 is a schematic diagram of the
XYZ table, looking fromdirection Aof FIG 3 along the Y axis; FIGS. 5a-5d
are schematic diagranms | ooking frompositions simlar to FIG 4,

illustrating gpf 1tlons . t 2 CcOr ing to four
extreme 15 p'ﬂ?i‘ﬁﬁ%ﬁghgw'htéé@gylg%rég% er@(%gg&l% Ene@?gﬁ%gq&ﬂ%’ear actuators;
and FIG 6 is a schematic diagram showi ng an XYZ table according to a second
perferred e igent of the invention, 2 tailed,Description of the

b et or red Entdtt fang Kiteciats U Vg Bra RY 2Bt FoyrE lt Siories 9 Pnoar
nmotion taly e fRsiqrféiiad ehtbodimént’cs thedingétiohed enbodi ment of the invention.
The apparatus is shown in kinematic |ayout view to enphasize its decoupling

nmechani smas conpared 25 to the prior art in FIG 1. A first support
structure in ﬁl@?ﬁ@%hofsoﬁeﬁ&”gi:éwngf ahaRy 2 tafliedtHal inpYyd ithe tpriRBflesecond X

i
and Y actuators 51, 52 is novable along first and secondtm)tl on axes X and
Y respecti velljustrated IR FAGd2)Y actuators 51, 52 of these two notion axes can
ei ther be coupled or decoupled. The actuators 51, 52 can drive the conpound
tabl e 54 by mechanical, electrical or 30 pneumatic neans to inpart |inear
not i on. AOseddBd 4siaEpechensdticudiagnaen ohthehXYZftable) wokngZArdraldirectidn whofch i s

gui ded by a i, of {dings 56 on the conpound table 54 is novable by a
Uhird act uat dnGr A 4B S A PEE 1 on. Unlike the Z table 45 in FIG 1 which
may be driven by any kind of actuator, the Z table 55 here is driven by a

| i near notor along a third or Z axis. However, the |inear r -6 53 1is
coner ueted G Satcs shaaRe SROFABE logstd o posilons SPRE S IS 4.
ilustrating different positions of the XYZ table corresponding to four extreme

15  positions of the coil brackets of its Y and Z linear actuators; and

FIG. 6 is a schematic diagram showing an XYZ table according to a second

perferred embodiment of the invention.

20 Detailed Description of the Preferred Embodiment

FIG. 2 is a kinematic layout view of an XYZ linear motion table according to a
first preferred embodiment of the invention. The apparatus is shown in
kinematic layout view to emphasize its decoupling mechanism as compared
25 to the prior art in FIG. 1. A first support structure in the form of a compound
table 54 driven by first and second X and Y actuators 51, 52 is movable along
first and second motion axes X and Y respectively. The X and Y actuators 51,
52 of these two motion axes can either be coupled or decoupled. The
actuators 51, 52 can drive the compound table 54 by mechanical, electrical or
30 pneumatic means to impart linear motion. A second support structure in the
form of a Z table 55 which is guided by a pair of guidings 56 on the compound
table 54 is movable by a third actuator in the Z direction. Unlike the Z table 45
in FIG. 1 which may be driven by any kind of actuator, the Z table 55 here is

driven by a linear motor 53 along a third or Z axis. However, the linear motor



novabl e part of the notor, in this exanple it is the coil bracket 57) and
the stator (i.e. the stationary part of the notor, which are the magnet

| ayings 58 in this exanple) such that the forcer, instead of being confined
to nmove along its 5 energized notion axis as in nost conventional |inear
notor systens, is also allowed to nove.igrthe X and Y directions while the
Z table is being noved by the X and Y actuators 51 and 52 together with the
conmpound table 54. The forcer or coil bracket 57 is disposed adjacent to

t he stator ord3misgenstrugiechysth sgacendliewarces substwaeni tid Jorper 4ild.ethet o a
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stationary sqn@wan@wé@@ﬁo%@ aﬁ@@mbg@thémnﬁtﬂh@c&npé@#& fabRd5sUahet hat its
dumry | oad, especi aIIYPt e wei i near notor 20 bracket, can be

el i m nat ed. AﬁfC@bPéé@' @cpet %@ dispnfed ac&acz%!am the stator | magnet layings second
t st t hi
support str “C%B‘;éfﬁﬁjig%'q& él?osfté?{t%h?gartah&n e ta@[’ﬁ@ {@ phe Pthe R2-axkh this

enbodi nent I'S nounted on t IS capabl e of being
moved i n 1Che X Y and Z directions by a combination of movenments of the

respective t xS tri ' Y4 table
that enploys t egppafz"lénm%p @VE{ &u(sq FHa )e( ﬁ%be%’ eé’FLﬁj\g&%et?a nI>éel%gorrpri ses
as its mgjor smampdetenhmes hln@aXISIfromavhlcmtheoh tatadn589s 10 b2 deeduedtdndt are
novabl e |nth axes of t respectivel Pr ef er.abl the X
(oble © 15 afsrbherySaRos il Hose et THE 408E85S RaoHic Basiiier e | noar
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as the linear motion in the X direction is rovi ded, whereas the Y table 2
and Z t abPe Jelgtive g F"!ﬁ’eﬁtaw INS g1ezsq>qq¢e§p additional mechanical coupler and

guidings are required for this embodiment. Additionally, the stator of the Z
linear motor 53, which is decoupled from the motion tables 54 and 55, can be
mounted to a separate stationary support surface and decoupled from the Z
table 55 such that its dummy load, especially the weight of the linear motor

20 bracket, can be eliminated. An object to be positioned is coupled to the first
and second support structures in the form of the motion tables 54, 55. In this
embodiment, the object is mounted on the Z table 55 and is capable of being
moved in the X, Y and Z directions by a combination of movements of the
respective tables 54, 55.

25
FIG. 3 is an isometric view of an XYZ table that employs the principles
illustrated in FIG. 2. The XYZ table comprises as its major components three
linear motion tables 1, 2 and 3, that are movable in the X, Y and Z axes of
motion respectively. Preferably, the X table 1 is driven by an X linear motor 4

30 as shown. However, the linear motion can be actuated by mechanical,
electrical or pneumatic means as long as the linear motion in the X direction is
provided, whereas the Y table 2 and Z table 3 are driven by Y and Z linear
motors or actuators 5, 6 respectively. All the linear motors or actuators 4, 5

and 6 are decoupled, in the sense that most of the weight of each of the



notors or actuators 5, 6 respectively. Al the linear notors or actuators 4,
5 and 6 are decoupled, in the sense that nost of the weight of each of the
-7 notors is independently supported by support surfaces that are separate
from the notion tables 1, 2, 3. The X actuator 4 is nmounted in a stationary
manner to a base while the Y and Z actugtors 5, 6 are supported by a
stationary stand 22. Details of the construction of the apparatus is now
described with the aid 5 of FIG 4. FIG 4 is a schematic diagram of the
XYZ tabl e, | cottorsysfindapedtenttytsupporedby sEpt Surddapsdhatrare Sepaiate frome fi r st
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ot or " hous ag LaaiB ot 6 SonSHERaR e B FArAls 1 haw descdied B kel on "t no

opposi te isnneyf V@l 4. s of the not or housing brackets 7, 8. The magnets are
arranged and extended in a direction of travel along 15 the path which each
| inear notor 5, 6 noves the coil bracket 9, 10. Adjacent magnets have
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substantlallyp I | ane. .25 The rised in the first
support Str uckindg rdepsed s em'tﬁw%fV@ﬁéeﬁ&%?@éﬂgﬁﬂﬂgﬁ?%ﬁo.|
bracket 9, ig, ra)umh@%aymefé Slel sledrigetiCarilhtehddtt in & RbEtCIPGI Pal Aldhggui ded by
the Y guide rails 14 which are mounted on the X table 1, In order to

prevent tIfe Yhe§ath whisk ieach dneargreesPl Pdnengsiihe gol ReackehBt 1} Adjacent

magnets have alternating polarity, so as to interact with the magnetic field
generated by the coils in the coil brackets 9, 10. This can produce
translational forces to drive the Y and Z tables 2, 3 to move. Between these
walls, sufficient space is provided for the coil brackets 9, 10 to translate
20 longitudinally along the length of the motors in both the X and Y directions.
The X actuator 4 as well as the motor housing brackets 7, 8 of the second and
third actuators 5, 6 may all be mounted on stationary surfaces. Accordingly,
magnet layings 12 are substantially parallel to a plane lying along the Y-Z
axes, and the coil bracket 10 also extends substantially parallel to the plane.
25
The Y table 2 comprised in the first support structure, which is attached to a
second force such as Y coil bracket 9, is mounted on Y sliders 13 such that
their motions are guided by the Y guide rails 14 which are mounted on the X
table 1. In order to prevent the Y coil bracket 9 from colliding with the Y motor
30 bracket 7 during its travel in the X direction, a sufficient Y recess 16 is
provided such that there is enough room for the coil bracket 9 to move in the
Y axis. Constant air gaps 15 are also provided on both sides of the Y coil
bracket 9 and the magnet layings 11 in the X axis so that there is enough

room for the Y coil bracket 9 to move in the X direction between the magnet



30 bracket 7 during its travel in the X direction, a sufficient Y recess 16
I's provided such that there is enough roomfor the coil bracket 9 to nove
in the Y axis. Constant air gaps 15 are al so provided on both sides of the
Y coil bracket 9 and the magnet layings 11 in the X axis so that there is
enough roomfor the Y coil bracket 9 tagmve in the X direction between the
magnet -8 layings 11 but not touching their surfaces. Therefore the Y coil
bracket 7, besides travelling in the Y direction as activated by its own

| i near not or 18yingss 11 natdoudhirg itheic supacesn dbewifole theeY nenilebracketol, t he X
table 1. Thr | : rs for the
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stati onary neistemovatile in Yoroplidnceneittktbie rﬁommaﬁaxﬁmb Kdabler1. dhcoughrntaignet

| ayi ngs 11 or SecQ nd, stator bot h.extend iall rallel to,a plane

|l yi ng al ong "R 9%%?8%"'"@ rr’([]‘ef:laqrp?;n ﬁW a<‘;i utﬁ c??lap'at\eﬁ%tﬁﬁé r Z table
3 to whicl t hanbecat léaﬂrpmmy deﬂ;@udl@d laadahﬁdmndstem 4 stateoatyatamierZ Tel ders 17
such t hat th% H)nof I'Z?g?j cglgwde by Z quide rails 18 relative
to the Y tableCcd ral?k?'u?ﬁ'tSREO FRle@chiY agne lapRos il Ar Sgeepd 1Ty tabl e 2

so that the %&@th@n@sb&tﬁﬁﬂéﬂ?'p@rdﬂ@ttonﬂané mg}él@n%trﬂal X8Chkeyn but also in
the direction which the Y table 2 travel ncet Y table 2 is nmovabl e

in both the X and Y directions, an object as 15 representated by end
effector I

cif ector 21 SO Sodhi obBRlsh Bul £ 2L S BlungiPHDchldler
sem conduét or10us mttatiestis mountedien Ztstidgrselresuchtthat tﬁemtlonmfalwéttatﬂmS from
colliding wt r syf [

orovi dedf or 't AUSBS Y EYTLRER B R DS Vb e T sl BR TR < e 2
coil 20 br ackid areOmountetve the\rttwleZZd;ortbatttherZ tddid Bke mdveblé @otrongeips 15
whi ch are ke rel at.ivel y cons ng. of t Y coil

b acket 6 i nbng dreaien But afs Bt rechiectbn amidhy Pe o ERR2 Webtise S este™ coi
bracket 10 and tabe é egnétablé aw Bath e a(eamcar\geduﬂ;wug@ aa bbjett tdsere is

enough roomfor the Z coil bracket 10 to travel in X direction wthout
hitting tlRe JBPreseriatesk by r?é‘dzefi@t?faéhé’ctta%?ﬂ R§stheoZ “FH'@ 8 d¢ gerable faps 19 is

t2 Qelr ﬁf f[@ g( r gﬁ@la\gﬁg thaRy EbRbindtish 3RS YTBNRR! Rofidhd htedesfiector 2Nthaff f ect or

include a semiconductor bond head. In order to prevent the Z coil bracket 10
from colliding with the Z housing bracket 8, a sufficient Z recess 20 is
provided for the coil bracket 10 such that there is enough room for the Z coil

20 bracket 10 to move in the Z direction. Unlike the Y air gaps 15 which are kept
relatively constant during the movement of the Y coil bracket 9 in the X and Y
directions, the air gaps 19 between the Z coil bracket 10 and the Z magnet
layings 12 are large enough so that there is enough room for the Z coil
bracket 10 to travel in the X direction without hitting the surfaces of the Z

25 magnet layings 12. The total air gaps 19 is therefore greater than the
distance movable by the object or end effector 21 in the X axis.

For simplicity of explanation, the motions of the tables in the X, Y and Z
directions are now described separately. It should be noted that their motions
30 can be in any combination and occur in different sequences and/or
concurrently in normal operation. For X movement, the X table 1 is driven by
the X actuator 4. There is no preference as to the kind of motor so long as
linear motion is provided. Since the Y sliders 13 engage with the Y guide rails

14 which are mounted on the X table 1, the movement of the X table 1 carries



For sinmplicity of explanation, the notions of the tables in the X, Y and Z
directions are now descri bed separately. It should be noted that their
notions 30 can be in any conbination and occur in different sequences and/or
concurrently in normal operation. For X novenent, the X table 1 is driven by
the X actuator 4. There is no preference@d@s to the kind of notor so |ong as
| inear notion is provided. Since the Y sliders 13 engage with the Y guide

rails 14 which are mounted on the X table 1, the noverment of the X table 1
carries -9 tHBeeY tabsg 3tggfttb@reWWéﬂhQMYtW"tbféCk\etébi Likpwigekbe Zotable Eailhse the Z
table 3 with r t.abl Vv h the X
table 1. The tg&'?e%lﬁd%f-ﬁélgﬁs zr)%@ &%nqgé]mtggle%myh)ogrv%ﬁhr@%n eélegﬁ ?%%M table 2
and Z tabl e 3andr2<pitbracketsy9,al & whinbvareimouriied x}ndhee\ttabm&amdrémd&l ng to

t he novenent T n he X can
travel is det' %gﬁcﬁ&/gy axso 12)klgs'%zﬂée gfd'?%?igﬁ c§?rp?é%r‘ég]n%gp @05 a%s 18 are
| ar geI enodgh thexX tablevi. dThegjlstauéé bg wéith thpaCtabfeot chineradeldodetebnmeledy 10 to
travel on the X axis jn_either irection inside the Z housing bracket 8.
Homver i n JPASESLD the Baingens 16. 8 aipsiiet 16, 1916 d1ouh domadind. or

col l'iding w tduffidignt '8plagé fBr &%k et Soil’ britkeB10 10 tRdvePRAT he( RUxis P eMherdr €
provi ded on the apparatus nmounted on both ends of the Xtable 1 to limt

t he amount ofdifection ingide|the giqusingdbracket §e dlowenesy inmrder tagrevenhthe ¢@dl z | i near
motor 6 are, g halRiPrR, fr&ﬁrédrﬁ‘ééth‘lgd&‘:&ﬁm r?djvd(nthotﬁbtrﬂ&o% bradRbfs # andngl their

stators can be nountfed in a statioOnary mannher to stationary surfaces that
are decouldl edcstoppers {nat sbeyekare previged owtmaemrﬁtus raguntae oo dothsends efhe Y coi l

L eth%ﬁi{aglezis% l P&;y%ﬂgﬂr?ttd{?tsft#a%%fj?ﬁ the' vl nﬁ%]t?%otb% af%‘?/véll

interact with magne nthe Y
| i near not or &5 thee Aneaxnmetdr &rare, tkwt@fnme@aaladjmgiecamlehl freot ihsnX ¢dble navel so

t hat adj acent net have rnatl n ol ari whi ¢ch..can duce
transtat | onal TONELs AR an o8 oAl PRiBSFimanhat ™ SRusRly Bt he v
coi |l bracket tBatedre cﬁb@@l@@ﬂonﬂhemjaaca vvay that they are always encl osed by

the Y magnet layings 11 regardless of the X and Y positions of the Y table
2. Thus, sufficient magnetic field fromthe

For Y movement, as the coils in the Y coil bracket 9 are energized, the
magnetic fields generated by the coils interact with the Y magnet layings 11
on both sides. The magnets in the Y linear motor 5 are arranged and
extended along the direction of travel so that adjacent magnets have
20 alternating polarity which can produce translational forces to drive the Y table
2 to move. The coils in the Y coil bracket 9 are arranged in such a way that
they are always enclosed by the Y magnet layings 11 regardless of the X and
Y positions of the Y table 2. Thus, a sufficient magnetic field from the
permanent magnets in the magnet layings 11 is ensured for producing
25 enough translational force to drive the Y table 2 to move. Magnet layings 11
or second stator and Y coil bracket 9 or second forcer extend substantially

parallel to a plane lying on the X-Y axes.

The Z guide rails 18 which guide the Z movement of the Z table 3 are
30 mounted on the Y table 2. Thus, the Z table 3 where the Z coil bracket 10 is
mounted moves with the Y table 2 in the Y direction. Stoppers (not shown) are
provided on both ends of the Y housing bracket 7 of the Y linear motor 2 to

limit the amount by which the Y table 2 can travel.



per manent magnets in the magnet layings 11 is ensured for producing 25
enough transl ational force to drive the Y table 2 to nove. Magnet |ayings 11
or second stator and Y coil bracket 9 or second forcer extend substantially
parallel to a plane lying on the X-Y axes. The Z guide rails 18 which guide
the Z novenent of the Z table 3 are 30-mpunted on the Y table 2. Thus, the
Z table 3 where the Z coil bracket 10 is nounted noves with the Y table 2 in
the Y direction. Stoppers gnot shown) are provided on both ends of the Y
housi ng br acketordeipfo geeouple ithee4r linasy gpoter Bofrom; tiet Y ttableaotingt Megneihi ch t he
Y table 2 ca I fromthe
Y table 2, tﬂ%ﬁln%ﬁ%tm ‘ﬂ-]'é%Z“ Iﬁlggl: ﬁﬁog@aﬂgg%éﬁbﬁ%rgbarfeé'}éor{rdégqgr%ﬁeagged and
ext ended i n BsdhZt dieectonsysdcly that i icoifss ins diech Z leail bréeket diidl sré @iwdys Z coi |

bracket 10 arg i sse of the
X, Y and Z pog.ll Sgﬁ}ﬁlép Sgﬁ %ﬁ’%?%ypéo @ﬂgﬁéﬁ%‘g?ﬁ? %ﬁdtzﬁggé%n% (?f br acket
10 are enérglthed,taales:hf As dhes noils lmstgeét cail Briaeked ﬁOrarm&deeglmt reasdficiemagnet s i n
t he magnet | ayin uredto roducetra sl ation forcito drive
the 7 cani e @GVl Trarhans Seimagell Bipthetsolpdie, Al iaifed2 ot “shown)

to limt the engutddt toyoddecanélationdll forcdsaarivé 8Ly tabld 3tbendvianeazs of the
Y and Z tables 2, 3 are controlled b¥ notion drivers (not shown) which

control the &Wection iPaPRArs @@ Providad (nabshpwnito imit ghe @mospt Eylvﬂ"crbZow ded
W th an encodggie 3N@ih tedven) so that its current position can be nonitored
and fed back to a processor for precise positioning. 15 FIGS. 5a-5d are
schemat i d0di agrams | ooking frompositions simlar to FIG 4, illustrating

di fferent  pospd ARSonbnisne Y% bAR LY £PIY B IR BIFBSh BUBs

positions of the c0| brackets of its Y and I near actuators
are alt oget Hoot shiogm) whishsidpitrel @gtaxemlqnas‘utlne trear nitherseéx Br Eaeh tabig isi ons i n

the - X 20 ang)rll'-"\%g%d')\%nf'ﬁngn +e¥1copé'- ?rﬂngr ngl 0] |1% gu)ﬁ'?%ta[?d’sﬂlo%h 4 ble en FI GS.

5a, 5b, 5c respective rans for the ot her
f our extrene monitored and fed back to a processor for premse positioning.
15

FIGS. 5a-5d are schematic diagrams looking from positions similar to FIG. 4,
illustrating different positions of the XYZ table corresponding to four extreme
positions of the coil brackets of its Y and Z linear actuators 5, 6. There are
altogether eight possible extreme positions. The extreme positions in the -X
20 and+Z, +Xand +Z, -X and -Z, +X and —Z axes, are shown in FIGS. 5a, 5b, 5¢c
and 5d respectively. For simplicity, the diagrams for the other four extreme
positions at the extreme Y positions, which would be similar to those diagrams

as seen along the Y axis in FIGS. 5a-5d, are omitted.

25 FIG. 6 is a schematic diagram showing an XYZ table according to a second
perferred embodiment of the invention. The main difference between the
second embodiment and the first embodiment is in the arrangement of the Y
linear motor 34. The Y coil bracket 38, instead of being mounted orthogonally
to the Z coil bracket as in FIG. 4, is now aligned in parallel with the Z coil

30 bracket 39. The second forcer and second stator therefore extend
substantially parallel to a plane lying along the Y-Z axes. Unlike the
embodiment shown in FIG. 4, where constant air gaps 15 are maintained in
between the Y coil bracket and the magnet layings, the air gaps 35 are large

enough for providing enough room for the Y coil bracket 38 to travel in the X



positions at the extreme Y positions, which would be simlar to those
diagrans as seen along the Y axis in FIGS. 5a-5d, are omtted. 25 FIG 6 is
a schematic di agram showi ng an XYZ table according to a second perferred
enbodi ment of the invention. The main difference between the second

enbodi mrent and the first enbodinment is ipthe arrangenent of the Y |inear
notor 34. The Y coil bracket 38, instead of being nounted orthogonally to
the Z coil bracket as in FIG 4, is now aligned in parallel with the Z coil
30 bracket 3@xisTineeitharatitection hetweatd thee pwgaettayings $hanside the dx motet
substanti al | el i t S i i t he
mbod; ment SIS &7 FiT g B the V0 8R035 8 ol AR neblelter 1%

bet ween t he Ynawable byabketbjericalomg thedheakisl affondlse sbke dodibreggpsuBierare | ar ge

enough for providi.n ough,.r o for the Y.goil acket 38 .to t el in the
X 1S axis i enEd ofMREHER Sl tenle S e oS MY g Sk e (he v
mot or  br &ckefesdriptiohhveldtioy ab the ARstoémbbdiméntidesribed idSFIE. &, gtk aoebet han t he
di st ance m)vagl by the object along the X axis. For the sake of brevity,
further di sCB&PET of the motion of the tables 31, 32 and 33, which are
simlar to the 5 description relating to the first enbodi nent described in
FIG 4, wll not be reiterated. For the illustrated invention, the |linear
nmotors are i rforike filgstiated inveptiemaha dinear metgss are inj the deras ofyatthelannshyi ng t hat
various confi i o j | & i flat type
or U-type, whet %tre'r'? Eé?ggr“} éﬂhpﬁlaé?)}r@(‘? g{%réggg%r%ﬁwr%i dgl Ig%%ﬁgnsﬁér.s

Addi t i ondl0l y,aralapplnale, sheh s Hatdype exdripha whetkeritheygrerintsinglewphadsermvabl e Y
and Z coil br ive to the stationary notor housing brackets, the
15 tabl es car'nr?&ﬁ]‘ﬁF i éﬁénsaetgy a forcer conprising a novable magnet with a
stator conprising a stationary coil bracket with coil w ndings instead.

Fut hernore, in, the above e inent, although th venent of t and Y

abl es ar e dAkcRPal. heRER 15 GF8ceni RbHERY ale TuPEHBIEMn. SipaPRsRed by 20

mechani cal , en@cZrdoiabragketprrelstiog ito theagtaticttary nGloBholising Aratkets,Othei N t he

correspondi ngz directi ong,are r?vi ded. However, at |east one table should
15 Tables can be driven b)Pa orcer comprising a movable magnet with a stator

comprising a stationary coil bracket with coil windings instead.

Futhermore, in the above embodiment, although the movement of the X and Y
tables are driven by linear motors, movement can also be accomplished by
20 mechanical, electrical or pneumatic means as long as linear motion in the
corresponding directions are provided. However, at least one table should

preferably be driven by linear motor for decoupling the same.

In the above embodiments, although the X and Y actuators are decoupled by
25 applying a magnetic decoupling mechanism, it goes without saying that they
can also be decoupled by various other mechanisms. Additionally, the

invention is still applicable when the X and Y actuators are not decoupled.

It should be noted that the arrangements of the X, Y and Z tables are
30 examples of the present invention. It is not possible to describe every
conceivable combination of components for purposes of describing the
present invention. Many further combinations and permutations of the

present invention are possible.



preferably be driven by linear notor for decoupling the sane. In the above

enbodi nents, although the X and Y actuators are decoupled by 25 applying a
magneti ¢ decoupling nechanism it goes w thout saying that they can al so be
decoupl ed by various other nechanisns. Additionally, the invention is stil
applicable when the X and Y actuators are2not decoupled. It should be noted
that the arrangenents of the X, Y and Z tables are 30 exanples of the

present invention. It is not possible to describe every conceivable
conbi nat i on ofhecBrgiRIrech eqbogiments pisles iprertioaceffern the adantagessehbighnvent i on.

Many further (aapi ’W}%I'\ 0B8cAetiBe " BHY atpbgﬂénéif atcE@racgr SRRk | %ﬁﬂtfh%” are

possible. -12 The préferred enbodi nents of the invehtion offer the
advant ages ofimplegrentationedf Ilma;hmatqt%wmut sacrfisihgp s i tiughsal stebilityaiey gl eaned

Stabi ity i noadal ekl badte 1ondfEE TOhE! Molthd VRS bidr B8 dar 81 or
art using5 Smechaninal dabomj:élogupbimg lﬂmbmjerremeenmwﬁmemtedicembbdéqmts do not

require additjgnal, auxiliar, upl ers. g Ther ef ore e

U bratone. 1 AR SR Lerk’ s Bfedt For BinRes i, e S BRel ot < e 2
coi |l bracket thésecssipteachre@lifdgatéd.coil bracket, the 10 novenent of Y coil
bracket in Y direction is decoupled fromthe Z coil bracket. Thus, although
the weights of the coils brackets are still carried, the actuators are

substanti al | wyARg adhRIemicACE thé? ol kKR fis &(hﬂ)lécﬁﬁ)tth@fY tdEpragkdtatner (such
as the relatively heavier magnet |ayings) is not carried. The extra | oadi ng

that the0Oy dB?\{enEﬁ"!i@f(é’tCOHé%fWk@é"tmrdlfﬂ@'o?‘ ifrseenmed framdbadasoiitraekelnal | and
is the 15 |eaﬁ1tusa§ltrﬁﬁ Qﬁ@@l/egdhté BFthBrdoﬂé bféc’iée eﬁ@‘%ﬁﬁcﬁ%ﬁ'& ra’f&ué?@rsand

mechani cal decoupling configuration. In escrl enbo iments, the
extra | oad t teae substenhallyzdeicouplgd sinee the waight af e vest @i thepactuater sushi |

br acket - Comar b oy hkah mbBfe AR 1Phol At 1hd Bk HEBRURRAY and the

extra guidi ngs I's su u5| ng a mechani cal
decoupl i ng dehe decouatndckdie:amsgiunnng rﬂwemnv\ksottceniaramwahalt andh &t thies

deseri bedherer 1% caneatt 5B Bt T sideane. OB Pr oA ST rar e
decoupling configuration. In the descnbed embodiments, the extra load that
the Y table carries is only the weight of the Z coil bracket. Comparatively, it is
the weight of the auxillary decoupler and the extra guidings that is supported
in the prior art using a mechanical decoupling device, and the weight of the

20 whole Z actuator that is supported in the prior art using a stack configuration.

The invention described herein is susceptible to variations, modifications and/or
additions other than those specifically described and it is to be understood that
the invention includes all such variations, modifications and/or additions which

25 fall within the spirit and scope of the above description.



addi tions other than those specifically described and it is to be understood
that the invention includes all such variations, nodifications and/or
additions which 25 fall within the spirit and scope of the above
description. -13 CLAIMS: 1. An apparatus_ for positioning an object coupled
to a first support structure and a secbﬁﬁ'support structure conprising: 5 a
first actuator for driving the first support structure along a first axis; a
second act uatgyralv®: driving the first support structure along a second axis
orthogonal to the first axis; and a third actuator conprising a forcer and a
stator for driving the second support structure that is guided for novenent

relative to the fiAnShpSABRA for BSIRIIME 4 SbEcPBuBIetNtd & FitSsfpbogonal to

t
the first and second axes; wherein the forcer is coupled to the second
support strudtiyckireand psecond sunperigtiusture spaptising: t he stator, and the stator

is relatiygely stati A f 0 r{.structure.
15 2. An éppar at utsa fgés}agg}lual mear ?ﬁﬁ@#g{e%git,gu\%ﬁ%&gﬁaﬁ ﬁeegl? 8§§2?§}§%{f "stator are
di sposed adj acent atsecend actito foradnilirex therfistssuppbetrativatury afomgad sedondo a pl ane

| ying al ong the second and third . axes, 3. An apparatus as clained in claim
2, incl uding aé'sg%[ﬁ"oﬁgf‘a@th?ﬂ@{?’S?'caé}d 20 and stator along the first axis
that is greater tBaanird Aetudicstodrprisimgvatdreertynd & etaterbiordtiviag Ggsédondf i rst
axis. 4. An apBarat us as céai med in claim3, incl st oppers nounted on

. udi n
the appar at F¥PPPAiSIRCRIre JRatatsi Qwided far mpvRnenh felakye g‘ét"ﬂ% it $1¥PPOHr cer and

the 25 gpat atruglupdbioh§Q third %ki_s@ﬂ'héﬂor%l td\thedPBENRL 46T0A8 akkgli Ned i n any one
of the preceding clains, wherein the second actuator conprises a second

forcer novable wi thereid g forcer i coupled o, &19y seqond; BipRolt SBLHHE AdalSor, and
the second fop&aih|d Witﬁgie'éeﬂdé’c@ td the Bi&tdr] Ad t@s@wng?éuamw%ua&@r}%gt he

second stator 1s decou fromthe first support structure. 6.
appar at us as deicaupted from tbeseaes] supporidticiuie second forcer and

15 2 An apparatus as claimed in claim 1, wherein the forcer and stator are
disposed adjacent to each other and extend substantially parallel to a plane

lying along the second and third axes.

3. An apparatus as claimed in claim 2, including a gap between the forcer
20 and stator along the first axis that is greater than the distance movable by the

object along the first axis.

4. An apparatus as claimed in claim 3, including stoppers mounted on the
apparatus that are operative to prevent contact between the forcer and the

25 stator along the first axis.

5. An apparatus as claimed in any one of the preceding claims, wherein
the second actuator comprises a second forcer movable with respect to a
relatively stationary second stator, and the second forcer is coupled to the first
30 support structure and the second stator is decoupled from the first support

structure.

6. An apparatus as claimed in claim 5, wherein the second forcer and
second stator are disposed adjacent to each other and extend substantially

35 parallel to a plane lying along the first and second axes.



second stator are di sposed adjacent to each other and extend substantially
35 parallel to a plane lying along the first and second axes. -14 7. An
apparatus as clainmed in claim5 or claim®6, wherein the second forcer and
second stator are di sposed adjacent to each other and extend substantially
parallel to a plane lying along the secofi-and third axes. 5 8. An appar at us
as clainmed in claim7, including a gap between the second forcer and the
second stator along the first axis, the size of the gap being greater than
t he di stance novable by the object along the first axis. 10 9. An apparat us
as claimed ir- anyAGn%ORﬁTaWﬁeaspP'éE'é%ﬁ Hbcl%l"ﬁlﬁ‘r@r cl@er @i whereife ther seeand; s

mounted to afértc@F 'aﬂgaéééoﬁa”écté’tﬁ? a?é‘%‘isdo?;e@%@?dé:@h?@o I8 dthér 8 @&tendl0- AN

apparatus as clainmed in any one of receding clains, wherein the forcer
conprises a @gbstabhdb/mallehm adlang M@ﬁllﬂ rilae ﬁ@@nd1®dl’(mlrd AXesippar at us as
clainmed igp any one of the preceding clains, wherein the stator conprises
per manent nmagnet |ayi ngs di sposed on either side of the forcer. 20 12. A
met hod of pod.ti oAnngppRaratis| es tclamep| iadclain &, finclading ugp mapt betweeat tee and a

second support st cture rising. driving, the first support, structure

along a f1rsteaa% foree gnd e seeont tatot algpdine dFst s tnd S8 el 8 @Pond axi s
or t hogonal tmeﬁﬁgegreiatelrﬂtanamesaﬂstﬁ&epﬁowauh by trdoedt iddrey the dirpakisi ng a forcer
coupled to the second support structure that is novable with respect to a

relatively stationary stator; driving the forcer to nove relative to the

stator aligng @ t hmh%@ﬁrﬁugra%m%ahntahytdm ofl the tprécding elames, avtesreinhi | e
gui di ng novenent of the second support structure relative to the first

support strudhe ﬁ@toraﬁmoyotea’ete@tﬁmqs@rx sifagedbalis deepnrietiramdbn @bisGhpor t
structure and maintaining the stator relatively stationary. 13. A nethod as

claimed in claim112, wherein the forcer and stator are
10. An apparatus as claimed in any one of the preceding claims, wherein

the forcer comprises a coil bracket including coil windings.

15
11.  An apparatus as claimed in any one of the preceding claims, wherein
the stator comprises permanent magnet layings disposed on either side of the

forcer.

20 12. A method of positioning an object coupled to a first support structure
and a second support structure comprising:
driving the first support structure along a first axis;
driving the first support structure along a second axis orthogonal to the
first axis;
25 providing an actuator comprising a forcer coupled to the second
support structure that is movable with respect to a relatively stationary stator;
driving the forcer to move relative to the stator along a third axis
orthogonal to the first and second axes while guiding movement of the second
support structure relative to the first support structure; and
30 decoupling the stator from the second support structure and

maintaining the stator relatively stationary.

13. A method as claimed in claim 12, wherein the forcer and stator are
disposed adjacent to each other and extend substantially parallel to a plane

35 lying along the second and third axes.



di sposed adj acent to each other and extend substantially parallel to a plane
35 lying along the second and third axes. -15 14. A nmethod as clained in
claim 13, including noving the forcer relative to the stator along the
first axis within a gap formed between the forcer and stator along the
first axis to all ow novenment of the forcé? -al ong the first axis 5 w thout
contacting the stator. 15. A nethod as clained in claim 14, wherein the size
of the gap between the forcer and the stator is greater than the distance
novabl e by the object alon ,t he first axis. 10 16. A nethod as clainmed in
claim 14 or cl4ai mMmethodd IRgddR 63T g, insldingsReving thenerqesrelaliva 9 prevent

contact betwagg didigr faf?fnﬁet'heaﬁ}gt ble wilrd %il’ ga&?orn‘%drﬁéﬁ%n%e%?de?%d n any

one of clainms 12 to 16, 7i ncludi ng provi 15 a second actuator conpri sing
a second for cséatowi@pgéhe fiest epris t@eajl@mdmgwp@ntofsthed@ncar glongdhe ffigst @xisabl e wit h

respecti Ve t%ﬁoﬁf&fﬁtb&lﬂgﬁh%% onary second stator, driving the second

forcer to nove re & Cecond st at or al ong the second axis and
decoupl i ng the second stator fron1the first support structure and
mai nt ai ni ng H e s con&ﬁgtat , at i v st.at i

MRS '3 bt Bl te ke RG Size 20 il oad wElHey o

di sposed adj &ﬁ@m@rcéﬂaﬂ@(tﬂi‘e st is Ypdatex tiemdtheudistaasd nfdvalle AR bisect 0 a
pl ane |ying alé}ig% fge first and second axes. 25 19. A nethod as clainmed in

claim17 or & ISt ei n the second forcer and second stator are
di sposed 4@dj acent to each other and extend substantially parallel to a
plane lying al ong the second and third axes. 20. A nethod as claimed in

claim 19, inclBudi fy Mot st Faired dhciaigy dar or sipimel %t INFRIdNG SIAPPESC ond
stator al ong fAgrhddt ok tr@%ﬁ:e\“‘flé ?re@elgla&nft&{t Bsgvelé‘ﬁtm@?d}%: rkf'hdstﬁﬁ‘%fﬁj of Orcer and

the second stator, the size he gap belng greater an t he di stance
novabl e by the Obj ect along the first axis.

17. A method as claimed in any one of claims 12 to 16, including providing
15 a second actuator comprising a second forcer coupled to the second support
structure that is movable with respective to a relatively stationary second
stator, driving the second forcer to move relative to the second stator along
the second axis and decoupling the second stator from the first support
structure and maintaining the second stator relatively stationary.
20
18. A method as claimed in claim 17, wherein the second forcer and
second stator are disposed adjacent to each other and extend substantially

parallel to a plane lying along the first and second axes.

25 19. A method as claimed in claim 17 or claim 18, wherein the second forcer
and second stator are disposed adjacent to each other and extend

substantially parallel to a plane lying along the second and third axes.

20. A method as claimed in claim 19, including moving the second forcer
30 relative to the second stator along the first axis with a gap formed between the
second forcer and the second stator, the size of the gap being greater than

the distance movable by the object along the first axis.





