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of the Invention This invention relates to an el ectronechani cal pl anar

posi ti oniwg 03ssdsesn whi ch 5 enabl es hi gh- preci si on, high-pa¢rssd/paséti oni ng
of workpi eces such as integrated circuit wafers, photonic conponents,

m cr o- el ectronmechani cal systens and the |ike. Background of the Invention
A conventional XY planar positioning system stacks an X-actuator assenbly
onto a 10 Y-actuator assenbly to formthe two orthogonal axes. One
significant drawback of this stacking lapproach is that the positioning
accuracy is substantially affected by the errors in each of the individual
actuator assenblies. Since the actuator assenblies are coupled together,

the errors of an actuator DécoapRdyPldhiERésifiéning Systeld contribute to the
overall positioning errors of the system 15 Another di sadvantage of

stacked stages is the poor efficiency of the actuator power used for

novi ng t VLN ddpsuch a systeman actuator is required to nove not
only thetﬁ}qe it tf-(lml o the mass of the other actuator stacked on top of
it. Thi s necesHii¢ mvesionirelates $e awélebirgrtherhaniaggdartay pesitiordahg systano whichr come t he

probl e t her epy.increasing the cost,of 20 the system Furthernore,.the
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I naccuracy and | ow power efficiency, some prior art systens attenpt to

address the problens of stacking X and Y-actuator assenblies. For exanple,
United States Pate ) %5 5,648,690 to H nds reveals a design wherein the
actuatorsﬁaéig—#gé—g@ﬁgﬁ%%o 0 B8t are fixed in the same plane in which the
payl oad pl at f of ghARMESnal HOMBMR4Ar posiofin@@ghiem ks kNK-achia@dt a8§Bnttly 8ntéer ¥
poor ratio of platforn1nDV|ngK$rea versus the overall size of the stage
f oot pt® ntY-attptor pssemblyi te fowm trerteg arthogenad pxesa Onelvignifieanpdrawbads ¢fi thisency .
Anot her %‘P&:’i{ﬁ%calﬁpro%& is that the positioning accuracy is substantially affected by the errors in

each of the individual actuator assemblies. Since the actuator assemblies are coupled

together, the errors of an actuator in every direction will all contribute to the overall

positioning errors of the system.
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Another disadvantage of stacked stages is the poor efficiency of the actuator power
used for moving the payload. In such a system an actuator is required to move not only the
payload but also the mass of the other actuator stacked on top of it. This necessitates the

use of higher capacity actuators to overcome the problem, thereby increasing the cost of

20 the system. Furthermore, the stacking approach reduces the overall rigidity of the system.

Whilst the conventional approach of stacking actuators has intrinsic problems of
inaccuracy and low power efficiency, some prior art systems attempt to address the
problems of stacking X and Y-actuator assemblies. For example, United States Patent No.

25 5,648,690 to Hinds reveals a design wherein the actuators are not stacked but are fixed in
the same plane in which the payload platform moves. However, this design has the
problem of a very poor ratio of platform moving area versus the overall size of the stage
footprint. This ratio is referred to herein as the footprint efficiency. Another approach, as
disclosed in United States Patent 4,676,492 to Shamir, has a similar configuration in that

30 all the actuator assemblies are fixed on the same plane as the moving platform. Instead of

using actuators to push and pull the platform at the planes perpendicular to the moving



disclosed in United States Patent 4,676,492 to Shamr, has a simlar
configuration in that 30 all the actuator assenblies are fixed on the sane
pl ane as wba3fpasdsig pl atform |nstead of using actuat orsPca/Seusboiand pul |
the platformat the planes perpendicular to the noving WO 03/ 026838

PCT/ S&01/ 00190 -2 directions of the platformas presented by H nds, the
Sham r configuration realises platformnotion with a pair of screwdriven
actuators arranged at two sides of the platform in each of the two XY
directions. The fact that both act uat‘o@‘pai rs are |ocated outside of the
di mensi ons of the noving platformstill result in a poor footprint
efficiency, however. 5 One approach to resolving the problemof |ow
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Burton et . In_this.desi. two.sets of actuator ssenbl i.es gre nounted
ort hogonBlia&JW‘BQOBW it arﬁi\’z‘?g #&c WAV ACtHRons granasd at %@sﬁ@%&r@bﬁ ﬁ?}ﬁo%p of
the ot hefy cabRWRIHE two DO YQIifdRliorsO THEITAR Vifht BBthi ACRIaRY Qdirs adeilfcaldd JEMANGF r ange
10 versus total footprint as well as suitable platformrigidity, the

pl at f or mMhiealémensidns of thepoeviag plafprrastill eesult if @ pporfoiprist efficieney, baweveras a
resul t, the positioning accuracy of the systemis negatively affected.
Furthérnore, as the vertical distance between the noving platform and the
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Sunmary BpitedStatesPatent ¥a. 1.2 b ¥tdoditon ehak Hntthis dpvign dye seta 0EAEUAT t here is
Cded P . P £0F et g

Cecond” | Piebaie B3htl 8tk BEnafY BLEW HE KoM wRE oF sdBHkilibiel, o1

second | bmeqrofahd othtorHowaes ibeideg toeachizg ad impiolred matial of nevirgeraagot her . 20 A

rigid reference surface is_nount to _the base,_ an veahl e pl atform for
hol dilflg Berswipiab Rastsit&s s o R O BaP . R P @ hecmBraie |
surface. ,JUpRY g&n?@ﬁﬁs & fhe baS PA €8 dsQit TRY FERHiriRPAIcLRRS 0P fhelshRemGgPECT i Ve
first and second actuator neans, the two

negatively affected. Furthermore, as the vertical distance between the moving platform

and the lower actuator assembly is long, the large offset required for the force transmission

reduces the stiffness of the system, which is undesirable.
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Summary of the Invention

In accordance with the present invention, there is provided a planar positioning
system having a rigid base, and first and second linear actuator means mounted to the rigid
base, the first and second linear actuator means being arranged orthogonal to one another.

20 A rigid reference surface is mounted to the base, and a moveable platform for holding a
workpiece is supported for movement on the rigid reference surface. Two push bars are
coupled to moveable portions of the respective first and second actuator means, the two
push bars being arranged to bear on the moveable platform for transmission of forces
thereto from the respective first and second actuator means to effect movement of the

25 platform on said rigid reference surface.

In a preferred form of the invention, the first linear actuator means comprises two
linear actuators arranged substantially parallel to each other with the second linear actuator
means positioned therebetween. Preferably the distance between the linear actuators of the

30 first linear actuator means is greater than the range of motion of the second linear actuator



push bars being arranged to bear on the noveable platformfor transm ssion
of forces thereto fromthe respective first and second actuator neans to
ef fect nowermeneess the 25 platformon said rigid refereneeTsaoi/ower In a
preferred formof the invention, the first |linear actuator means conprises
two linear actuators arranged substantially parallel to each other with
the second |inear actuator neans positioned therebetween. Preferably the
di stance between the linear actuators of the 30 first |inear actuator means
is greater than the range of notion of 3the second |inear actuator WO

03/ 026838 PCT/ S&1/00190 -3 neans. The second |inear actuator nmeans is
preferably aligned substantially at the centre of the range of notion of
t he firsmeaos. UBiaxecombligar dctudttrempansfiepretutatdpriabi gnadesobstantisdlyra flercenice

surface i rovid at. | eas ne 5 reference bl ock having a snooth upper
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actuat or neamsthernsefetred ombodiment, theaeferesice suideredsrprodided by at keastronef t he
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linear optical enco e assocl a near act uator
means. Ekafenlatioslbyr suppbdit@bdnd ae sachdmpportiyg poingy is adjustable fdd eabibratieadndiead, and

optical |jnear scale, and an index sensqr }o rk a zero, position of the
axi's lz’f ﬁiﬂ%ﬁ‘.t 0%?19 Wﬂeﬁ%‘“gaﬁf’? @Q?eoﬁ‘hé’é‘in tg‘g%ﬂé‘ge‘éﬁe suEa¢e- 20 opti cal
| i near encoder is fixedly nounted on the rigid base whereby tenperature

vari ation
The planar positioning system of the preferred embodiment may include positional

sensing means for closed loop feedback control of the first and second linear actuator
means.

15

In one form of the invention the positional sensing means comprises a pair of linear

optical encoders, one associated with each of the linear actuator means. Each linear optical
encoder may comprise an optical read-head, and optical linear scale, and an index sensor to
mark a zero position of the axis of motion. Preferably the optical linear scale of each

20 optical linear encoder is fixedly mounted on the rigid base whereby temperature variation
is relatively small. The optical read-head of each optical linear encoder is preferably
mounted on the moveable portion of a respective one of the first and second linear actuator

means.

25 In another form of the invention, the positional sensing means comprises a laser
interferometer measurement system, such as comprising a laser source and pick-up device,
an optical beam splitter, and two precision mirror surfaces mounted orthogonal to one
another on said moveable platform. Preferably the laser source and pick-up device and
beam splitter are mounted on said rigid base. The optical beam splitter is used to convert a

30 single laser beam from said laser source into two orthogonal laser beams in directions

parallel to the axes of motion of the first and second linear actuator means, respectively.



is relatively small. The optical read-head of each optical |inear encoder
Is preferably nounted on the noveable portion of a respective one of the
first andweesoe3s i near actuator neans. 25 In another f oPETEIG1/hE90

i nvention, the positional sensing neans conprises a |laser interferoneter
measur enent system such as conprising a | aser source and pick-up device,
an optical beamsplitter, and two precision mrror surfaces nounted
orthogonal to one another on said noveable platform Preferably the | aser
source and pi ck-up device and beanlsﬁﬂrtter are mounted on said rigid
base. The optical beamsplitter is used to convert a 30 single |aser beam
fromsaid | aser source into two orthogonal |aser beans in directions
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measur ed igedeometey. by the |aser interferometer. 5 In the preferred
enbodiJrent the two push bars are arranged in orthogonal directions of
notion for transm ssion of force fromthe actuator neans to the noveabl e
platformto eff @Rtpréfeired®Bmboditieat theswe philMisarslire@ahhged in BitBogumah bars may

conprise straight %uiding surfaces to guide the orthogonal notion of the
moveabl e dieetians ohmofipn fordransmission of doreeom the Astuatprmeansdo fisdROVEPYE t oget her
w th non- . | : ' RESEPF-Talo!
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system 15 having a fixed flat reference surface; first and second actuator

meansl Gro Gbediment, thg tx¢q Bh*h bags tegsthery : poiheqntach phshepmeghanisms sty s econd
act uat or fERaNGAIFNARANA G cAnd SHPRST h¥hs to the moveable platform with minimal

friction.

In one broad sense, the present invention comprises a planar positioning system

15 having a fixed flat reference surface; first and second actuator means mounted in relation
to said reference surface, the first and second actuator means each having a respective
moveable portion that is linearly moveable, wherein the first and second actuator moveable
portions are restricted to movement in respective first and second orthogonal linear
dimensions parallel to said reference surface; a moveable platform for holding a

20 workpiece, the moveable platform being supported for planar movement over said
reference surface; a first coupling between the first actuator moveable portion and the
moveable platform for controlling the position of the platform in the first linear dimension,
the first coupling permitting free movement of the platform in the second linear dimension;
and a second coupling between the second actuator moveable portion and the moveable

25 platform for controlling the position of the platform in the second linear dimension, the

second coupling permitting free movement of the platform in the first linear dimension.

The decoupled planar positioning system disclosed herein uses novel design to
provide high speed, high precision planar motion with excellent footprint efficiency and
30 dynamic stiffness. Decoupling of the actuators that provide the orthogonal axes of motion

means that none of the actuators is carrying the weight of the other actuators and hence



noveabl e portion that is linearly noveable, wherein the first and second
actuator noveable portions are restricted to novenent in respective first
and secomaomsidsgonal |inear dinensions parallel to sai dPcefSenenceo
surface; a noveable platformfor holding a 20 workpi ece, the noveabl e

pl at f orm bei ng supported for planar novenent over said reference surface;
a first coupling between the first actuator noveable portion and the
noveabl e platformfor controlling the position of the platformin the first
| i near dinension, the first coupling pérmtting free novenent of the
platformin the second |inear dinension; and a second coupling between the
second actuator noveabl e portion and the noveable 25 platform for
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t he agtu | | - el Of o s and hence WO
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di r ect i o'867°P TR HY ‘i"h%anibr?da@%@ﬁ ¢il%xi s of notion al so means that
position feedback can be taken froma single independent reference surface
and hence reduces the 5 cost of achieving precision notion. In addition, by
usi ng non- condastill beehpretisted fronhthedollewing idetailed dascriptidir 6fithé mventior, he ot i on

of t p for h carpies. the workpi ece. Hence ver hi gh- speed_. and
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advant agti9tsmt sizgend i pllg toachieye fesé motion dod véryhighopdsitionire accumky.pr of i | e,
noderate footprint size, and is able to achieve fast notion and very high
positioning accuracy.

The prior art systems mentioned above indicate that the advantages of low profile

15 and small footprint cannot be achieved at the same time. Stacking up the driver assemblies
below the platform makes the footprint smaller but at the same time increases the height of
the profile. On the other hand, fixing the actuator assemblies in the same plane of the
platform tremendously enlarges the system footprint. Embodiments of the present
invention allow a balance between the desirable height profile and footprint, which can be

20 achieved by fixing a pair of parallel actuator assemblies outside the moving platform while

placing the other orthogonal assembly directly under the platform.

Brief Description of the Drawings

A preferred embodiment of the invention is described in detail hereinbelow, by way
25  of example only, and with reference to the accompanying drawings, in which:
Figure 1 is a perspective view of a planar positioning system according to a
preferred embodiment of the present invention, showing the basic layout of the two axes
and planar platform with respect to the base reference;

Figure 2 is a perspective view showing the X-axis component layout of the system
30 ofFigure 1;



The prior art systens nentioned above indicate that the advantages of | ow
profile 15 and small footprint cannot be achieved at the sanme tine.

St acki ng wp oBlzssds i ver assenblies bel ow the platform mkesTiSie1/H@ot pri nt
smal l er but at the same tinme increases the height of the profile. On the
ot her hand, fixing the actuator assenblies in the sane plane of the

pl atformtrenendously enlarges the system footprint. Enbodi nents of the
present invention allow a bal ance betyween the desirable height profile and
footprint, which can be 20 achieved by fixing a pair of parallel actuator
assenbl i es outside the noving platformwhile placing the other orthogonal
assenbly directly under the platform Brief Description of the Drawi ngs A
preferred enmbBifunedis operspeetivaniewtshomingsha¥sxid dvaghonantdeyait bf thesgstebel ow,
by way 2? of efanple only, and with reference to the acconpanying

drawi ngs® F18%hi>ch: Figure 1 is a perspective view of a planar positioning
syst em accor deffird P i pdéREEvd AewRGORL w&ongéoﬂeﬂﬁapmmnhe plawgnt i on,

showi ng the basic | ayout of the two axes and planar platformw th respect
to the bakéorasference; Figure 2 is a perspective view showing the X-axis
conponent | ay of . .em. ' S 301/ 00190
-6 Fi 3 ure 3 i gi% repge %Sts%éeggﬁé \%Eé\%\;%lg‘\?v%g ﬁ%véf é}r%ﬂ: ﬁ%ﬁwggfgﬁérg%g%ﬁgﬁﬁggéout of
the syst afferf@bmeied BreoditiolmlFesdback; bid a per spective vi ew showi ng the
conponent | ayout on the planar platform 5 Figure 5 is a perspective view
of the pl anar F&sstd, dn$ Ard 2 prarsehematiq illustragions Pg‘éaéwus layout qoafIgstians 9for

posi ti On@i’@?ﬁ%ﬁ%@%‘}ﬁ‘%ﬁ ?Parcgo?d cez‘gﬁﬁ‘ff’gﬂ%rsgm%&n%ﬁem Ic illustrations

of variou I“lgurations o positioning systemin
accordance with the present invention. 10 Detail ed Description of the
Preferred E | ment . :

10 %etaq}c)ag %escr?ption of the Preferred Embodiment

A decoupled planar positioning apparatus 100 is illustrated in the drawings,

constructed according to a preferred embodiment of the present invention. The overall
structure of the positioning apparatus 100 which is illustrated in Figure 1 can be considered
as a combination of several sub-assemblies, namely an X-axis assembly 200 shown in

15 isolation in Figure 2, a Y-axis assembly 300 shown in Figure 3, and a planar platform
assembly 400, shown in Figure 4. The positioning apparatus 100 is also shown in Figure 5

equipped with displacement measuring interferometer systems.

The structure of the positioning apparatus as shown in Figure 1 includes a table top
20 1 and reference plates 2A and 2B. The reference plates 2A, 2B are similarly sized
rectangular plates supported on an upper surface of the table top 1, and positioned adjacent
one another with a gap between their adjacent edges. The two reference plates 2A and 2B
are kinematically supported on the table top 1 at three location per plate. Level adjusting
mechanisms are provided to allow for flatness alignment of the two reference plates 2A.
25 and 2B, to achieve a flat plane upon which a planar platform assembly 400 may glide

during operation of the apparatus.

The X-axis assembly 200 as seen in Figures 1 and 2 comprises X-axis actuator
guiding elements 3A and 3B, X-axis actuators 4A and 4B, an X-axis push bar 5, X-axis
30 measuring scales 13A (not shown) and 13B, and X-axis position sensors 12A (not shown)

and 12B. The X-axis actuators 4A and 4B are linear actuators that are positioned parallel



A decoupl ed pl anar positioning apparatus 100 is illustrated in the

drawi ngs, constructed according to a preferred enbodi nent of the present

i nventi orwODh®2s9%®ral | structure of the positioning apparerssor0@mhi ch is
illustrated in Figure 1 can be considered as a conbination of several

sub- assenblies, nanely an X-axis assenbly 200 shown in 15 isolation in
Figure 2, a Y-axis assenbly 300 shown in Figure 3, and a planar platform
assenbly 400, shown in Figure 4. The pgsi tioning apparatus 100 is al so
shown in Figure 5 equipped with displacement nmeasuring interferoneter
systens. The structure of the positioning apparatus as shown in Figure 1
includes a table top 20 1 and reference plates 2A and 2B. The reference
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4A and 4B are mounted on the table top 1 and its Ko i de t he
D adeiipsmegis frospraraibans X ahumosmondamd B s Miamadrtm ne
X-axi s pysniddf 46p.bet ween them The X-axis actuator guiding elenents 3A and
3B 5 may be an aerostatic bearing systemfor high speed applications, a
hydrostatic bearing systemfor heavy duty applications, or a rolling
bearing syst e‘?h]:e -axt gétﬁ%t'or% A hd'#S um%r}p comprise a linear motor for high speed and
high acceleration applications, a ballscrew and servomotor for lower speed and
15 acceleration applications, or a voice coil for small stroke, light duty applications, for
example. The position of the X-axis is determined by the X-axis position sensors 12A and
12B with respect to the X-axis measuring scales 13A and 13B. The X-axis measuring
scales 13A and 13B are symmetrically positioned on the same level with the work holding
device 17. The positional information generated by the position sensors is useful as a
20 feedback signal for controlling circuitry that drives the actuators, so that precise

positioning can be achieved.

The Y-axis assembly 300 as seen in Figures 1 and 3, comprises a Y-axis actuator
guiding element 7, a Y-axis actuator 8, a Y-axis pusher 9, a Y-axis position sensor 14,

25 Y-axis measuring scales 15, and Y-axis pusher mechanisms 10A and 10B. The Y-axis
assembly 300 is mounted on the table top 1 in the gap provided between the two reference
plates 2A and 2B, with the Y-axis actuator extending perpendicularly to the X-axis
actuators. As with the X-axis assembly, the motion of the Y-axis actuator 8 is guided by
Y-axis actuator guiding element 7. The Y-axis actuator guiding element 7 may be an

30 aerostatic bearing system, a hydrostatic bearing system, or a rolling bearing system as

appropriate for the particular application. Similarly, the Y-axis actuator 8 may be in the



environment, for exanple. The X-axis push bar 5 provides a sliding surface
al ong which X-axis pusher nechani sns 6A, 6B, 6C and 6D are able to slide.
The X-axiwopasisshar 5 together with the X-axis pusher nme®carsiGonso16@d, 6B,
6C and 6D, serve as a coupling for 10 transferring the force generated by
the X-axis actuators 4A and 4B to the planar platform assenbly 400. The
X-axis actuators 4A and 4B may conprise a linear notor for high speed and
hi gh accel eration applications, a ballscrew and servonotor for | ower speed
and 15 accel eration applications, or d &vice coil for small st roke, 1ight
duty applications, for exanple. The position of the X-axis is determ ned
by the X-axis position sensors 12A and 12B with respect to the X-axis
measur i ngformaf ei;in&a&;@nca:m;l ab3lscraih endKsaaxdrsotog &s avbitg cod cmitarsfot 3Aampld. 13B are
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the Y-axibgrdtof d}lm@kplétfamgsssmbbéﬁéﬂ cularly to the X-axis actuators. As

with the X-axis assenbly, the notion of the Y-axis actuator 8 is guided by
Y-axi s actuator guiding elenent 7. The Y-axis actuator guiding elenment 7
may be an 30 dRreqdami piatfoan nisegnbiy 4064y sean hyFigoss dtand 4bmaluﬁesgthsy[sa;a‘sn or a
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notor, for exanple axls asse y al so houses the Y-axis position
sensor 144,68, |6€asxlr6iDigThh ¥pixisgewke bar 11 is supported on the reference plates 2A, 2B

by a thin layer of air by virtue of the planar platform flotation mechanisms 16A, 16B and

16C. This arrangement allows for smooth and near zero-friction movement of the planar

15 platform assembly 400 over the surface of the reference plates 2A, 2B. The work holding
device 17 is kinematically and symmetrically supported on the Y-axis push bar 11. The
work holding device 17 may comprise, for example, a vacuum chuck, a magnetic chuck,
an air chuck, a mechanical chuck, sticky tape, or some other form of work holding

mechanism as appropriate for the desired application.

20
The features of construction and operation of the planar positioning apparatus 100
are described hereinbelow with reference to the accompanying drawings and the
assemblies and components introduced above.
25 The table top 1 provides a base for the positioning apparatus 100, and comprises a

slab or the like having a substantially flat and level upper surface. The X-axis and Y-axis
assemblies are mounted on the table top upper surface with the Y-axis actuator 8 extending
perpendicularly between the parallel X-axis actuators 4A and 4B. A reference surface is
formed by the two independently adjustable reference plates 2A, 2B which are

30 kinematically supported at three points on the table top 1. The reference plates 2A, 2B

may comprise stone (e.g. granite) slabs, for example, and have finely adjustable mountings



in the Y-axis dinension. The Y-axis neasuring scale 15 is nounted through
the centreline of the work holding device 17 to reduce the potential for
occurrencwomB/oAishe errors. The 5 Y-axis pusher 9 together PartSGol/b@IY- axi s
pusher nechani snrs 10A and 10B serve as a coupling for transferring the
force generated by the Y-axis actuator 8 to the Y-axis push bar 11 of the
pl anar platform assenbly 400. The planar platformassenbly 400 as seen in
Figures 1 and 4, includes the Y-axis 0 push bar 11, planar platform
flotation nechani sm 16A, 16B and 16C, “dnd the work hol ding device 17. The
pl anar platform assenbly 400 al so houses the X-axis pusher nmechanisns 6A,
6B, 6C and 6D. The Y-axis push bar 11 is supported on the reference pl ates
2A, 2B lhyalow lforrcalibription edd alignnient of the upperfsuttfice phéres thergifaclhivvetofeach at i on

mechani s 16 16B and, 16 Thi,s arr.angenent allows for _.snmoeLh d near
Tero-tr i GRIn THUEHENE Rt 7 B aRaFe A5 BRRE RO P BEUbrL RFT308! B0dRE e
surface @bp 1 Berweeh Re@WoeXRkidla6%atéh 42 Bad TBSwiRtHe Yakdiab@mbiievi ce 17 is
ki nematically and synmetrically supported on the Y-axis push bar 11. The

I
wor k hol dherepetieeane dhezefersnce platasiZdeandi2gy arexanpiustedavitiusueatiudiat srpera
magnetd c ck Ny Akl 1.8elEC LGal i cky tape, or sone
ot her %orsﬁl\q% S\}\IB?IEWH%P(HI %gl%n%@%geﬁqq%n%gges% bégé?@%%ﬁg?%ﬁ%dbr the desired
application. 20 The features of construction and operation of the planar

posi tioni ng agﬁgratus 100 are described hereinbelow with reference to the
acconpanyi ng WaRgsplatiam pesemplytlomompsiseyrmesms e orearpiged above.

25 The t . XAV |1t B r 100, and
compr s aipieff it R ARATy ARG Pl hioE pBOR ) AaRth BRRR e ipper
sur f ace. rdllesen¥e sufase providedayi the refasnedylates2 Ay 2B nnsteddeaf being suppdrédol tey t op
upper_ surface with the Y-axis actyator 8 extendi ng. r di cul arl.y between
the pHt alfhepcisater; b e?rtﬂgpb(e@%ﬂn%H&Pt@s.ofﬂledﬁﬂ%%wé&?@a@? By FANYUSHER ned by
the two igpggeendaitht Xctﬁ&\bfksthﬁ‘ﬁgﬁ ph@fE5 681 Pl HaGRisifmedBakibthe HA BT a0

ki nematically supported at three points on the table top 1. The reference

pl at es 2A0A2BOBnile pusher msehaisomed A-6Dpndd0an il 0B as hetton, thé pushdpepinsl  and

have fi nel.y.adj ust abl unt i ngs . .
el lyv1a conventiona cgrRact meags to lower cost, or via non-contact means to minimise

friction and hence improve dynamic performance. This arrangement allows for better

15 payload capacity and improve the rigidity of the platform.

When assembled in the planar positioning apparatus, the planar platform assembly
can be moved in two dimensions through action of the X-axis and Y-axis actuator
assemblies. As best seen in Figure 1, the X-axis push bar 5 extends between the X-axis

20 pusher mechanisms 6A, 6B and 6C, 6D which are mounted on the planar platform
assembly underneath the workpiece holding device 17. The X-axis pusher mechanisms
6A, 6B are immediately adjacent one side surface of the X-axis push bar 5, and the pusher
mechanisms 6C, 6D are immediately adjacent the other side of the X-axis push bar 5. The
pusher mechanisms 6A, 6B, 6C, 6D are not attached to the X-axis push bar 5, however.

25 When the X-axis actuators 4A, 4B are moved in one direction the X-axis push bar 5 bears
against pusher mechanisms 6A, 6B so as to cause corresponding movement of the planar
platform assembly over the surface of the reference plates 2A, 2B. Movement of the X-
axis actuators in the other direction cause movement of the planar platform assembly
through action of the push bar 5 on the other pusher mechanisms 6C, 6D.

30



WO 03/ 026838 PCT/ S&1/00190 -9 to allow for calibration and alignnent of

t he upper surface planes thereof relative to each other. The reference

pl at es 2Avando2dB3are al so nounted on the upper surface of PChSGoaiieo top 1
between the two X-axis actuators 4A and 4B, with the Y-axis assenbly

t her ebet ween. The reference plates 2A and 2B are constructed with snooth,
flat upper 5 surfaces upon which the planar platformassenbly 400 is
supported. The planar platform assenbli 400 conprises a noving platformfor
carrying a workpiece, and is kinematT %le supported at three points by
flotati on neans over the reference surface provided by the reference

pl ates 2A, 2B, instead of being supported by 10 the actuators. |ndependent
ort hogonal notliberY-afis pheh pir 41 festens benefithdle Xehxiinpushbasrandhasiparadiel ide ce

fromthe actuators..through,.pysh rs and .11 i a,pusher, mechani.sns 6A- 6D
and | 10AsnEeReRamng el BiErlo 1R R AP 5t A BRE B BRI e

push bar g0 Mdd 0Blake pbsiticidiRddRaY agjabinoh tHERESectite Y%dplﬁ;ﬁ $hs 101 Via

non-contact nmeans to mnimse friction and hence inprove

per T or marite.sufages. The At prhcEmpdWSiomS | OBet A pot plaghedie Ba et §ushing
morove e { gl ALY Whed BE LA LRy ISR ABSETRL SfledBnEpRhaNAT
posi tioni Ay dppararus, "The planar platform assenbry ccan benoved in two

di mensi ongechiigd0Adsdhisigainkt thbeidEsavface offitt Y-a3ie ush bkt wras tasasebl i es. As
best seen in Figure 1, the X-axjis push bar 5 extends between the X-axis 20
pusher mEEHaCERESaRoverrniMdheplangplaforamasserablynoyet Be seikaceipd thy rgfegence

platform éeﬁééf&@l%’ %ﬁ?&é@ﬂ%ﬂléﬁﬁx . %Kﬂio‘?%‘igﬁ@ &h&%&‘ét‘f&?%g%-mg%eﬁt axi s

pusher ani sns are I medi ately adj acent one si surface of the
X-axi s pushtheqdanad plasfosin tabenbiys H&0 thrormhhaations 0botb&, puheranechamnmdioB: @l the

adj acent the other sjide e.X-axis sh bar 5. The pusher nechani sns
6A, 68 @@PO%@S&ﬁéuFfﬁ?e%ﬁL%y]h‘B‘éﬁP‘Eﬁt%P -axi s push bar 5, however. 25 Wen
the X-axis actuators 4A, 4B are noved in one direction the X-axis push bar

5 bears against pusher nechanisms 6A, 6B so as to cause corresponding
nmovenent of t Aep{-axiapusipbats) tradditimaniproviding thet heans dorf tranemissionted r ef er ence

plates Z%brc%sB from the E&%S a(tjcgctuai;tcbr(sa 436([, 4B to the planar platform assembly 400, also serves

as a guide for movement of the platform assembly in the Y-axis dimension. This is

15 achieved by the X-axis pusher mechanisms 6A, 6B, 6C, and 6D on the platform assembly
being constructed so as to slide along the side edge surfaces of the X-axis push bar 5
during movement of the planar platform assembly 400 in the Y-axis dimension.
Accordingly, it is advantageous that frictional forces between the X-axis pusher
mechanisms 6A-6D and the X-axis push bar 5 surfaces be minimized, such as through the

20 use of non-contact aerostatic bearings, for example. Similarly, the Y-axis push bar 11
serves as a guide for the planar platform assembly 400 movement in the X-axis dimension,
by virtue of the Y-axis pusher mechanisms 10A, 10B being located against the respective

side edge surfaces of thereof.

25 A controller (not shown) is coupled to drive the actuators so as to position the
workpiece holding device according to predetermined program or the like. The controller
preferably controls the actuators in a closed loop feedback arrangement using positional
signals derived from the X-axis and Y-axis position sensors, or from a laser interferometer
system (described below), for example. The controller may include a memory to enable

30 creation of a data table to record systematic errors in the overall motion of the system with

respect to a precise external reference during a calibration phase. The data in the table can



axi s actuators in the other direction cause novenent of the planar platform
assenbly through action of the push bar 5 on the other pusher nechani sns
6C, 6D. 390oW®035$926838 PCT/ SG01/00190 -10 The Y-axis pu®hTis&o1/0@9ext ends
beneath the X-axis push bar 5 and has parallel side surfaces extending
per pendi cul ar to the push bar sides. The Y-axis pusher nmechanisnms 10A and
10B are positioned i medi ately adj acent on the respective Y-axis push bar
11 side surfaces. The Y-axis pusher chani snms 10a, 10B are not attached
to the Y-axis push 5 bar 11, however.” VWien the Y-axis actuator 8 is noved
in one direction the pusher nechani sm 10A bears agai nst the side surface
of the Y-axis push bar 11 so as to cause correspondi ng novenent of the

pl anar pthenbensediosditst theona@iontdf¢hesplatferoedwing ivempkiserse tlv theplysteastie A, 2B.
Moverent of the Y-axig actuator 8 in the other direction causes novenent
of the pPRAEADPHIPEFM assembl y 400 through action of other pusher

mechani sm 10B on the 10 opposite side surface of the Y-axis push bar 11.
The X-axis push bar 5, in addition to providing the neans for transm ssion

of forces frdmwil} @CXG@XID@PH@P@W@?}@ ahaye descriediogastpictipn ellpyathegt-axigssenbl y
400, 3l sQ.REIMeH a:fcﬁﬁ‘aﬂa‘ 1% c{]tua@rvflefgea@{ rﬁihey?ax' él% %s%%%@ir%ﬂo\’ in the

Y-axi § di rensi on. IS ieved b Nni sns 6A,

6B, 6C, aiddp&idently bh@lerﬂmﬂfe@wmﬁlmﬁ@«miem ok @gm@mlsﬁ‘mmmdnblg 499 itselfs| i de
al ong the SI de_edge surfaces of the X-axis push bar. 5 duri ng novenent of

the pl an¥rmgiptained inpdlatplape by ghding enihpsuytagss of the seficrencsplates i Fgsy, it
i's advangt@,g%%gég&;}g% rsﬁb&%} f08kta égrﬁfégapet ween the X-axis pusher

nechani sns axl s 5 5 surfaces be mnimzed, such as
t hrough the 20 use of non-contact aerostatic beari ngs for exarrpl e.

Simlarly, th XIS sh bar erves . as f t.he anar
pl atf@ ass la m‘]’]ﬂ@é‘s%? ‘gﬁg'ri}’]g}ob’ﬁ‘%yﬂ?aﬁ f% of the

Y-axis pmrmmawd%ﬁa ﬂa%\so thatRo B&L&Sr w&a&&a@ ROMERAL ofth@oth8S PRSAT Ve
si de edge surtaces of thereof

result, the load of the actuators is minimised and well distributed allowing a better dynamic

performance of the system.

15 2. The planar platform assembly 400 assembly is supported directly on a rigid surface
instead of the actuators. This allows a better payload capacity and rigidity for the platform.

3. The planar platform assembly 400 assembly is separated from other physical
components of the system by a thin air gap. This gives the system enhanced operational
20 life due to reduced wear and tear. The non-contact coupling also provides very low

contact friction characteristics, yielding smooth backlash-free motion.

4. The moving planar platform assembly 400 assembly is supported by three
aerostatic couplings in a symmetric arrangement. This provides a deterministic planar

25 motion for the planar platform assembly 400 . In addition, as the planar platform assémbly
400 is supported directly on a surface, any kinematic errors in vertical direction in any

actuators do not affect the platform vertical accuracy.

5. The total height of the preferred embodiment is shorter than can be achieved with

30 stacked-actuator approaches. The low profile of the system minimises Abbe errors.



25 A controller (not shown) is coupled to drive the actuators so as to
position the workpiece holding device according to predeterm ned program
or the |iwe.030ts3controller preferably controls the actu&Cerssor/miao cl osed
| oop feedback arrangenent using positional signals derived fromthe X-axis
and Y-axis position sensors, or froma laser interferoneter system
(descri bed below), for exanple. The controller may include a nenory to
enable 30 creation of a data table to_gecord systematic errors in the
overall notion of the systemwth ré%%éct to a precise external reference
during a calibration phase. The data in the table can WD 03/ 026838

PCT/ SG01/ 00190 -11 then be used to adjust the notion of the platform
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e

t he sur ferthogond! diseetionefA painoflogien pewernsiuagms canpesused s¢ thet & highgigidits f or
sever dvant 1. The planar platform assenbly 400

I . h 1
asse I)ﬁ%?%ecﬁpﬁggméﬁcﬁggg‘ﬁ?ct%ﬁté actuators which are anchored on a base

so that no actuator is carrying the weight of the other. As a result, the
| oad of the actuators is mnimsed and wel] distrjbuted allow.ng better
dynanic per flgrthapbavedesaibed spbpdipent of the plpgar Hﬂséwamgpgb’ét?%??ﬁ“é%‘?gnbl y 400
assenbl y. i | t oJy I | g1.Q: £ | a
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pl at f or nHowB8ver,ldven pranancairadyf cnrbeaslsievdd by difdtlg asestring the psapar affitbd fr om

ot her physi cal conponents of the systemby a thipn ai ap...This gives the
syst ébh eWﬂ‘é‘ﬁ%Féﬁﬁﬁlﬁé? qVissdl/> raghsr Fl}apéh‘?j%”%?fsr E‘HE’@BEF rpoélﬂamflga?. The

Char act cPar U0 i hne R AR BIE ) Ay BB AR bl W 200 . bl anar
pl at f or nThsdieptbtemebdheassipghntygrieronetansystera $0H s shovarcomprises a laser head
21, a beam splitter 19, a fold mirror 20, a stage mirror 18 and plane mirror interferometers
22 and 23, together with the necessary interfaces, electronics and controls (not shown).
15 The accuracy of the positioning apparatus can be improved to the nanometer scale with use

of such a displacement measuring system.

The displacement measuring interferometer system 500 operates generally as

follows. A measuring beam 24 is emitted from laser head 21 and directed to beam splitter

20 19, where a portion of the beam is directed along the Y-axis through a first plane mirror
interferometer 22 and onto a Y-axis surface of the stage mirror 18. The stage mirror 18 is
mounted on the workpiece holding device 17 such that the Y-axis surface thereofis
perpendicular to the Y-axis of the system. The measuring beam 24 thus reflects from the
stage mirror 18 surface back to the plane mirror interferometer 22, enabling precise

25 positional determination of the workpiece holding device in the Y-axis dimension.
Another portion of the measuring beam 24 passes through the beam splitter 19 to a fold
mirror 20 which directs the measuring beam 24 to a second plane mirror interferometer 23.
The second plane mirror interferometer 23 directs the measuring beam 24 along the X-axis
and onto an X-axis surface of the stage mirror 18 that is mounted on the workpiece holding

30 device 17 perpendicular to the X-axis. The measuring beam 24 thus reflects from the stage



aerostatic couplings in a symretric arrangenent. This provides a
determnistic planar 25 notion for the planar platformassenbly 400. In
addi ti on,wav3nks3pl anar pl atform assenbly 400 is support @dTdGoeedby on a
surface, any kinematic errors in vertical direction in any actuators do
not affect the platformvertical accuracy. 5. The total height of the
preferred enbodinent is shorter than can be achieved with 30

st acked- act uat or approaches. The | ow profile of the system m ni m ses Abbe
errors. WD 03/026838 PCT/ S@01/00190 =182 6. The actuat or power efficiency
I's maxi m sed by having an actuator arranged very near to the platform
function point so as to mnimse the nonent due to the offset. The pair of
act uat or mimot Sirfdes theadkltatifeqianepminxor detetférometeayi2d; ¢npblimgiprieciseipdsitionahe not i on
in the rthagonal djrection. air of | .ower power..actuators can be used
so that S°HFY at}qngqu#‘? Vo}kgleﬁ B@QP%‘;?VI)CS lgdﬁ?l?e‘:\/}gﬁxgtdnﬁ‘eﬁl%%r cost. In the
above descri bed enbodi nent of the planar positioning system positional

f eedback is provided through the X-axis and_ Y-axis position sensors 12A,

12B and 14. ) M@dimnfde@ﬁéed ebovagﬂuﬁtr@tq/ﬂlesnnqw ceufipaeiden ayd directly
. o 10 . hol o ; . 4
The- act uapgPEomihe 1 @ngled blifar postiipfl S5 G Whih MoiH S eloupla® then

i ncl udi ngagyrel: spl acenent neasuring interferoneter system 500. The
di spl acenent neasuring interferoneter system 50Q as shown conprises a | aser
head 21} a béheracipatet mesnspre arganged in 2 Hrooptigeration andsfixedanthepameplang pl ane
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appar at ubowarbbe eiropt oved to the nanoneter scale with use of such a

di spl.acenent peasuring system The displacepent neasuri i.nterferoneter
syst &t 580 opoag ekthg dFmaler meansds crgying fhe Otggrr?é%fﬂr? tgl@regggﬁp@gsmg enitted
from | asefufigal Rdadislofll 1R SnPEAAARLEDIR of GO vdBle g a portion of
t he beamﬁl{as irect% a?o’ng ?ﬁe r\l(l axéljs t hr ough1 IS};?i rst plee;\r’i’g@m rror

i nt er f er et eAll22tvatet nomhoare axtangédsvesy néade thef fundteonsk poget ofithe systerBso The

stage mrror | S . .
g as to m11n§m{ze the moment due to offset, and hence maximize the overall power efficiency

of the system.

15 4. The actuator means can be independently assembled and aligned on the supporting
base with appropriate guiding elements via either conventional contact means to lower
cost, or non-contact means to minimize friction and hence improve dynamic performance.
5. A reference surface is formed by two independently adjustable planes
kinematically supported on the supporting base. The planes have fine adjustments to allow

20 for calibration and alignment of the two planes relative to one another.

6. A moving platform for carrying a workpiece is kinematically supported by flotation
means over the reference surface so that the actuator means do not have to bear the weight
of the platform and the workpiece. Independent orthogonal motion of the platform is
effected by the pusher mechanisms via non-contact means. This arrangement allows for

25  Dbetter payload capacity and improves the rigidity of the platform.

7. The transmission of force from the actuator means to the platform is via the pusher
mechanisms and two push bars arranged orthogonal to each other. The X-axis push bar is
coupled to the X-axis actuator means and the transmission of force in the X-axis direction
is via four non-contact pushers gliding along the surfaces of the of the X-axis push bar

30 with a very thin air gap. The Y-axis push bar is rigidly attached to the moving platform

and the transmission of force from the Y-axis actuator means is via two pushers attached to



mount ed on the workpi ece hol ding device 17 such that the Y-axis surface
thereof is perpendicular to the Y-axis of the system The neasuring beam
24 thus rwDloaoea3s romthe stage mirror 18 surface back t@®criseopb@ve mrror
interferoneter 22, enabling precise 25 positional determ nation of the

wor kpi ece hol ding device in the Y-axis dinmension. Another portion of the
measuri ng beam 24 passes through the beamsplitter 19 to a fold mrror 20
whi ch directs the nmeasuring beam?24 to second plane mrror interferoneter
23. The second plane mrror interferomneter 23 directs the measuring beam
24 along the X-axis and onto an X-axis surface of the stage mrror 18 that
is mounted on the workpiece holding 30 device 17 perpendicular to the

X-axi s. TieeY-arasouatog nipessagiglidingaloes thestifades ofithené-asis aysh o vod) 9838
PCT/ S&01/00190 -13 mrror surface 18 back to the plane mrror
interfer8MefBr 23, enabling precise positional deternination of the

wor kpi ecg, hol gb&follRétERk hicand fédrRectseidtfortdoneobis @dken UectBrirosh thent s
described above illustrate the general configuration and 5 operation of the

decoupl e@%@ﬁ@tfmﬂthmfﬁwgc%w@mf%m@rﬁuﬁﬁ%rrpasses the fol | owi ng
f d
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fixed on the ane he "sup rt| n ase int and the

verti cal 1profLAJaosz:ﬂ lédﬁ}eccﬁml ﬁmhoarisielhpmed td dimbutéblbﬁamrcrlmdsng afthz. None of
the actuator neans is carrying. the other actuators thereb imsin

| oadi ng BefURtHES sRES taadreve WM&M% mpjionypsEpIRanse Sgistepp gcﬂn 5 l e

system ﬁ} tfo‘hlofﬂtfeedf S, Means are arranged very near to the functional
poi nt of % stémso as to nmininze the nonent due to offset, and hence

maxi m ze 12he (Av@tmtablqaswmatedftcb capterediie syatenidtie esipstiarthe GErall motien eftheat or
reans, a0, B hashendenil y ssnbled and olLHIE O Lhe SUBROLhAg pbese
ld)(;\r/lg;n . c %ﬁt%oggﬁaﬂ{né%gag%%ettﬁﬁtthé@%%a?@ efoftl 4 Zfnifdide@t | On and hence inprove
The embodiment described in detail hereinabove has a configuration in which two
X-axis actuators and guiding elements extend along peripheral edges of the reference
15 surface, and the Y-axis actuator and guiding element extends through the centre of the
reference surface. This configuration is referred to as an "H" configuration, and is
illustrated schematically in Figure 6, wherein the reference surface is shown at 60, the X-
axis actuators/guides at 62 and the Y-axis actuator/guide at 64. However, other
configurations are also possible whilst remaining within the teachings of the present
20 invention, including a "T" configuration, a "U" configuration and an "L" configuration.

These configurations are schematically illustrated in Figures 7, 8 and 9, respectively.

Alternative embodiments may include any or all of the above, and may further
include:

25 (a) using any appropriate alternative position measurement means for feedback,
including laser interferometers, optical linear encoders, linear variable differential
transformer, and capacitance displacement sensors;

(b) using any appropriate linear motion means such as magnetic brushless U-
channel or tubular linear motors, piezo or ultrasonic linear motors, voice coil motors, or

30 any combination of motion means; and



5. Areference surface is formed by two i ndependently adjustabl e planes

ki nematically supported on the supporting base. The pl anes have fine

adj ust nerwe oo2@Bs ow 20 for calibration and alignment of wPoe/ScGao@b@nes
relative to one another. 6. A noving platformfor carrying a workpiece is
ki nematically supported by flotation means over the reference surface so
that the actuator neans do not have to bear the weight of the platform and
t he wor kpi ece. | ndependent orthogonal gti on of the platformis effected
by the pusher nechanisns via non-contatt™ neans. This arrangenent allows for
25 better payload capacity and inproves the rigidity of the platform 7.
The transm ssion of force fromthe actuator neans to the platformis via

t he pusher néQhahigsmy apprbpriae quplingradguidingmgens, orcludbepriabearimgaach ot her .
The X- ax'?sr % sh .bar if C(?Jﬁ@i d to the X-axis actuator neans and the
transm s&itd P&y LE'F AR RPE direction is via four non-contact
pushers gliding along the surfaces of the of the X-axis push bar 30 with a
very thin air gap. The Y-axis push bar is rigidly attached to the noving

pl atform and Tgxhéoneg@mgrdie@ﬁcd)ﬂessnpmm@féhqs prstartedempodiment 9 thearesentreans i s

via t pusher s, att ach P 1/ Q0: Y- axi s
act ua}tggr n%egﬁgn g%ab e@ﬁpﬁ%ﬁ%@%&ﬁ%ﬂﬁ%?@%ﬁ fac Sgg)l]stn%g&'?f%ggé} goll%%és}ﬁlsﬁg%éw th a
thin ai ningiifg tofthe Paskiit ifvention dpacfinctiaite ddims ppgeids@hereto. on control is
taken directly fromthe noving platformwith reference to the reference

surface. 5 9. Al actuators nmeans are closed-1oop controlled w th position
f eedback meansy i, f“thfs's@éaﬁ e{tﬁﬂ%nﬁ%télﬁhls%ﬁapﬂ)ll'o\% GRIBLAKE BordtByedi St ribute
dynam c | oading o Phe Cactuators So as to achreve optinmal dynam c notion
per f or mapegifes bthetweipai thg wardl" coamnine'y) and variations ofch bhécqumisedrand 12. A dat a

table is created to capture the systepatic errors in the overall notion of
the Hb sSEERITRS hwﬁﬁgﬁé‘E@erﬁtBo‘gtop‘P‘é’iyg’gl Pihad a ftated (irges Of SRR OBECYPI n t he

table is 56 e}é)ops‘i%ﬂéq}ut hbethe BRIh:96h Stfankydthct ix6ifer P stk gl of HHRFPS C

errors are mnim sed.
steps.



The enbodi nent described in detail hereinabove has a configuration in which
two X-axis actuators and guiding el ements extend al ong peri pheral edges of
t he ref erwp®a/oidB3sur f ace, and the Y-axis actuator and gui #CE$Gel/emment
extends through the centre of the reference surface. This configuration is
referred to as an "H' configuration, and is illustrated schematically in
Figure 6, wherein the reference surface is shown at 60, the X- axis
actuators/guides at 62 and the Y-axis_actuator/guide at 64. However, other
configurations are al so possible mhirég‘renaining wi thin the teachings of
the present 20 invention, including a "T" configuration, a "U
configuration and an "L" configuration. These configurations are
schenat|&ﬁk&MﬁDfRﬂﬁtmnméﬁonmgﬁmgures 7, 8 and 9, respectively. Alternative

en’bOdI LIItJ ||u_y : II\.:I ud T Of C{I I Uf th abUVU, GII\’:‘JI ITay further | I’IC| Ude
25 (a) L§ing any apprthﬁ%%@Palternatlve posi ti on neasurenent neans for
f eedbackKy A TNCTUAI NG T PR EfrenBE ﬁ&kgroneters optical Tinear encoders, I|inear
variablg differential |trans and capacitance (i spl acenment sensors;
(b) usi rg;Bany appropri aRefetmueplaterﬁ)t i on means such as$ nagnetic brushless U
channel ter—tubular !=“ FOHOF-S; ezo—or—ut+asonrit¢ | i near notors, voice
coil notjo¥s, or 30 any ﬁﬁFﬂEﬁréﬁukﬁg?kﬁqu4 means; |and WO 03/ 026838
PCT/ SQOIPTI0 - I5 (C)x RS PAELaL® coupl Tmg and gui di ng neans,
i ncl udi ng_ai r-bearings Uz%TFEH%' ﬁﬁnqég roller and ball bearings. The
f or egoi ngtAalet ai | ed deschuhaMnmﬁrnhe preferred enbodi nent of the present 5
i nvent i gh—-has—been—presentedby—way—of—exanple—onty,—and is not intended to
be consi|dd ed IlrntlrquQF%qﬁyﬂﬁﬁéée invention as defined in the clains
appended tereto. Throu ﬂQHhs ﬂ%ﬁxépeC|T|cat|on and the clains which follow,
unl ess tlhe context repguires otherw se, the word "conprise", and variations
such as |"@onprises"” angXifRXis'moharmahagim W | | be unde¢rstood to inply the
i ncl usi gp—of—a-stated-|-nteger—or-step—or—group

6B X-axis pusher mechhnism 2

6C X-axis pusher mechanism 3

6D X-axis pusher mechanism 4

7 Y-axis actuator guiding element

8 Y-axis actuator

9 Y-axis pusher

10A Y-axis pusher mechanism 1

10B Y-axis pusher mechanism 2

11 Y-axis push bar

12A X-axis position sensor 1

12B X-axis position sensor 2

13A X-axis measuring scale 1

13B X-axis measuring scale 2

14 Y-axis position sensor

15 Y-axis measuring scale

16A Planar platform floatation mechanism 1

16B Planar platform floatation mechanism 2

16C Planar platform floatation mechanism 3

17 Work holding device

18 Stage mitror




of integers or steps but not the exclusion of any other integer or step or
group of integers or steps. WO 03/026838 PCT/ SG01/00190 -16- Schedul e of
Ref er enceto@anpsaent s 1 Table top 2A Reference plate 1 2BCRSGorenge pl ate
2 3A X-axis actuator guiding element 1 3B X-axis actuator guiding el ement
2 4A X-axis actuator 1 4B X-axis actuator 2 5 X- axis push bar 6A X-axis
pusher nechanism 1 6B X-axis pusher nechanism 2 6C X-axis pusher
mechani sm 3 6D X-axi s pusher nechani? 4 7 Y-axis actuator guiding el ement
8 Y-axis actuator 9 Y-axis pusher 10A*Y-axis pusher nechanism1l 10B Y-axis
pusher nmechanism 2 11 Y-axis push bar 12A X-axis position sensor 1 12B
X-axis position sensor 2 13A X-axis neasuring scale 1 13B X-axis
nmeasuringd9scal e 2 Beam splitter

20 Fold mirror

21 Laser head

22 Plane Mirror Interferometer 1
23 Plane Mirror Interferometer 2

24 Measuring beams




14 Y-axis position sensor 15 Y-axis neasuring scale 16A Planar platform
floatati on nechanism1 16B Planar platformfloatation nmechanism2 16C

Pl anar plwDfoaneasBs oat ati on mechanism 3 17 Wrk hol di ng dedirs&01/801% age
mrror WD 03/026838 PCT/ SG01/00190 -17- 19 Beamsplitter 20 Fold mrror

21 Laser head 22 Plane Mrror Interferometer 1 23 Plane Mrror
Interferoneter 2 24 Measuring beans WO 03/026838 PCT/ S&1/00190 -18-
Clainms 1. A planar positioning system, conprising: a rigid base; first and
second actuator neans nmounted to sai d]fgl'gi d base, the first and second 5
actuat or nmeans each having a respective noveable portion that is linearly
noveable relative to the rigid base, wherein the first and second actuator
noveabl eClé#iB8i ons are restricted to novenent in respective first and

ai d bask: o dingh Pt BRE Maioiinel O ) Cor ki ece, the moveabl 6
pl at f or m bei ngrigidbasetpport ed for planar novenent over said reference
surface; first and second actuator means mounted to said rigid base, the first and second
5 actuator means each having a respective moveable portion that is linearly moveable
relative to the rigid base, wherein the first and second actuator moveable portions are
restricted to movement in respective first and second orthogonal linear dimensions;
a flat reference surface mounted to said base;
a moveable platform for holding a workpiece, the moveable platform being
10  supported for planar movement over said reference surface;

a first coupling between the first actuator moveable portion and the moveable
platform for effecting movement of the platform in the first linear dimension, the first
coupling also serving to guide the platform in the second linear dimension; and

a second coupling between the second actuator moveable portion and the moveable

15 platform for effecting movement of the platform in the second linear dimension, the

second coupling also serving to guide the platform in the first linear dimension.

2. A planar positioning system as claimed in claim 1, wherein the first linear actuator
means comprises two linear actuators arranged substantially parallel to each other with the

20 second linear actuator means positioned therebetween.

3. A planar positioning system as claimed in claim 2, wherein the distance between
the linear actuators of the first linear actuator means is greater than the range of motion of

the second linear actuator means.

25
4. A planar positioning system as claimed in claim 3, wherein the second linear
actuator means is aligned substantially at the centre of the range of motion of the first
actuator means.

30 5. A planar positioning system as claimed in claim 2, wherein said reference surface

is provided by at least one reference block having a smooth upper surface, and at least one



a first coupling between the first actuator noveable portion and the
noveable platformfor effecting novenent of the platformin the first

| i near diworisiozs3sthe first coupling also serving to gui @€TiSlo/pl1ae f ormin
the second linear dinension; and a second coupling between the second
actuator noveable portion and the noveable 15 platformfor effecting
novenment of the platformin the second |inear dinension, the second
coupling also serving to guide the plajformin the first |inear dinmension.
2. A planar positioning systemas claifed in claim1l, wherein the first

| i near actuator means conprises two |inear actuators arranged
substantially parallel to each other with the 20 second |inear actuator
means posbildak(heﬁrg mdnmtﬁbam swdrigidhasetatieashpartipls betiveen thg lisgartactmatess ef thened i n
claim 2, rein di stance between the linear actuators of the first

| i near aé?ﬂi?@@7 M@ eater than the range of notion of the second
linear actuator means. 25 4. A planar positioning systemas clainmed in
claim 3, wherein the second linear actuator neans is aligned substantially
at the cént re Poplanar@osel@gmgcwstmasehlmd nhdaifm -’r,swher%ﬂu‘emgqﬁsmns 30 5. A

pl anar pos tion stem as._cl [ erence
surface reﬁf%b]iogleﬁgrﬁW%ef APELS e en? r‘?léér:%nag%% ﬁﬁgagig%&hghéﬁoot h upper
sur f ace, aaﬁqtoamdameregeﬁvew 03/ 026838 PCT/ S@1/ 00190 -19 bl ock being

nounted on said rigid base at |east partially between the |linear actuators
of the first linear actuator neans. 6. A planar positioning system as

claimed i clal BlaR HRKRI rsg s clfA8d iPfinre AL NGE rBRAke GRERY | ses a

pair réefereén secon I near actuator neans

t her ebet Wefiprise stode lpibalfwéachkﬁieﬁiaﬁculmupy@tadmt assleadt #ireepoints vdathai m 6, wherein
sai d reference bl ocks onprlse stone bl ocks each kinematically supported
at at 1Q edadepepdeatly sdiusiphle supperting means.

8. A planar positioning system as claimed in claim 7, wherein each of said reference
blocks have adjustable three-point supports for calibration and alignment of the smooth
upper surfaces thereof to form said reference surface.

15
9. A planar positioning system as claimed in claim 1, including positional sensing

means for closed loop feedback control of the first and second linear actuator means.

10. A planar positioning system as claimed in claim 9, wherein the positional sensing
20 means comprises a pair of linear optical encoders, one associated with each of the linear

actuator means.

11. A planar positioning system as claimed in claim 10, wherein each linear optical
encoder comprises an optical read-head, and optical linear scale, and an index sensor to

25 mark a zero position of the axis of motion.

12. A planar positioning system as claimed in claim 11, wherein the optical linear scale
of each optical linear encoder is fixedly mounted on the rigid base whereby temperature

variation is relatively small.
30



10 i ndependent |y adjustable supporting nmeans. 8. A planar positioning
systemas clained in claim?7, wherein each of said reference blocks have
adj ust ablwotobtemssgpoi nt supports for calibration and al i gnmemtSGoi/odibe snoot h
upper surfaces thereof to formsaid reference surface. 15 9. A planar
positioning systemas clainmed in claim1, including positional sensing
nmeans for closed | oop feedback control of the first and second | i near
actuat or nmeans. 10. A pl anar positioni&g systemas clained in claim9,
wherein the positional sensing 20 neamsS-conprises a pair of linear optical
encoders, one associated with each of the Iinear actuator neans. 11. A

pl anar positioning systemas clainmed in claim 10, wherein each |inear
optical Ehcodamlaanpodits@sngsystypt acehineddn chagad 2, wheteimthé optical taaddeadcal e,
and an index sensor..to 25 mark a zero positi of the _axis of notiqgn. 12.
A pl anar %’fff‘e?l% PBtFﬁaLBn"sa%{l‘éWF’é’é s R AVERNG RrtioRRE AT RERHE BEC cal

l'i near sc@k@irst@hd 82oRd BREArGRbualor RREAs. €Ncoder is fixedly nmounted on the
rigid base whereby tenperature variation is relatively small. 30 WO

03/026838 PCT/ SG01/00190 -20 13. A planar positioning systemas clained in
claim 2,‘¥Mergi t he opti.cal kgad ead . .of eagh ﬁgtiQ%l ILpear encoder is
mount ed of"t he/*MAPELBPEIGRIPE TSHILAs daimed ia elafi &» wherepythe ppsitipng] sghsie
second | ieals cofpHisdsl 1ab@amsrferdombfor nfsaliramatit sYSint | oni ng system as cl ai med
in claim9, wherein the positional sensing mneans conprises a |aser

interferoneter nmeasurenment system 15. A planar positioning system as
clai med iqx cl aj %u-ﬁ) I I . ] f rgﬁr& r rement system
conpri sesﬁa I aég}!ﬂ}lgl(')%r cegng%s%l?égg?gu%é ee\(}ilfclzglfdﬁ{ér%g’l o%@isga gam splitter,
and two pinetfesinetermedsorensant §yatans compiidesd 1ot suugeald gick-opdevdogther

10 optical beam splitter, and two precision mirror surfaces mounted orthogonal to one another

on said moveable platform.

16. A planar positioning system as claimed in claim 15, wherein said laser source and
pick-up device and beam splitter are mounted on said rigid base.

15
17. A planar positioning system as claimed in claim 15, wherein said optical beam
splitter is used to convert a single laser beam from said laser source into two orthogonal
laser beams in directions parallel to the axes of motion of the first and second linear
actuator means, respectively.

20
18. A planar positioning system as claimed in claim 17, wherein said orthogonal laser
beams are directed on the said mirror surfaces respectively so that the distance from the
mirror surfaces to the laser source is varied when the platform moves in the direction of
motion, and the distance can be measured precisely by the laser interferometer.

25
19. A planar positioning system as claimed in claim 1, wherein the first coupling
includes a first push bar mounted for movement with the first actuator moveable portion
for transmission of forces from the first actuator means to the moveable platform in the
first linear dimension, the first coupling allowing free movement of the platform in the

30 second linear dimension.



on said noveable platform 16. A planar positioning systemas clained in
claim 15, wherein said | aser source and pick-up device and beamsplitter
are nmountwo osf02@3a8 d rigid base. 15 17. A planar positi oni RGTSGHL/QMAS
clainmed in claim115, wherein said optical beam splitter is used to convert
a single | aser beamfromsaid | aser source into two orthogonal |aser beans
in directions parallel to the axes of notion of the first and second |i near
actuat or nmeans, respectively. 20 18. A_planar positioning systemas cl ai ned
in claim17, wherein said orthogonal “Zdser beans are directed on the said
mrror surfaces respectively so that the distance fromthe mrror surfaces
to the |l aser source is varied when the platformnoves in the direction of
mot i on, 2thd tAelaiaspesiteingsystm ardsioreddn plagunil@eiwheroin thé first aesirbar

interfer.oneter. 25 1 A pl.anal. posi.tioni,ng,.systemas c¢l.ained in.claiml1l,
wher e n PHECF el pfiafe R RGP P R Pof B Bl Hhov arment
Wit h t healdhg which Erét He@in TN QBN FOrPAE dRablk Platfob@REAhRYE NI Pfuifidgces from
the first actuator neans to the noveable platformin the first [inear

di nensi owrfagsservingio tramgpitifargeafipmihe frst petsatopnenrsio the mpreabls platfornm i n t he
30 sego ' - di ji.on. WO 03/026838 PCT/ S@&1/00190 -21 20. A planar
posi t?oﬁlgr%é Q@g{l%%ﬁl‘rggﬂﬁsg)ghed in claim19, wherein the first push bar

i ncludes two straight parallel guiding surfaces extending in the second

| i near dj.nmensijo al ong which first bearings mounted, on the noveabl e

pl atforgilcan ‘?‘r@\‘}é‘?f%‘éﬁl AR HisteE asstipimedda cleap ¢0nwhergingthe festibeatfigsces from

the fi rsgonﬁﬁ;sgﬁgﬁ)jc?ﬁg@t%aﬁ sidi6h FONEERMR RAhEOr M S in the first linear

di mrension. 21. A planar positioning systemas clainmed in claim?20, wherein
the first bearings

10 22. A planar positioning system as claimed in claim 1, wherein the second coupling
includes a second push bar mounted for movement with the moveable platform for
transmission of forces from the second actuator means moveable portion to the moveable
platform in the second linear dimension, the second coupling allowing free movement of
the platform in the first linear dimension.

15
23.  Aplanar positioning system as claimed in claim 22, wherein the second push bar
includes two straight parallel guiding surfaces extending in the first linear dimension along
which second bearings mounted to the second actuator moveable portion can move, said
guiding surfaces serving to transmit forces from the second actuator means to the

20 moveable platform in the second linear dimension.

24. A planar positioning system as claimed in claim 23, wherein the second bearings

comprise non-contact bearings such as aerostatic bearings.

25 25.  Aplanar positioning system as claimed in claim 1, wherein the first and second
actuator means are selected from the group consisting of:
magnetic brushless U-channel linear motors; magnetic brushless tubular linear

motors; voice coil linear motors; piezo or ultrasonic linear motors.

30 26. A planar positioning system, comprising:

a fixed flat reference surface;



conpri se non-contact bearings such as aerostatic bearings. 10 22. A pl anar
positioning systemas clainmed in claiml1l, wherein the second coupling

i ncl udes wO30243d8 push bar nounted for nmovenment with the moTsSsol/eolpdat form
for transm ssion of forces fromthe second actuator means noveabl e portion
to the noveable platformin the second |inear dinension, the second
coupling allowing free novenent of the platformin the first |inear

di rension. 15 23. A planar positioning,ystemas clainmed in claim 22,
wherei n the second push bar includes ¥wo straight parallel guiding
surfaces extending in the first |inear dinension along which second
bearings nounted to the second actuator noveable portion can nove, said

gui di ng sur f afiest andbsegprdactentermpansimountndda selptigmiorsaisl retezencg swdaagathsr means

Co the 2 . . . . '
posi 11 ot AL SR BBty Bl e AR ERSpRE By S BB ety bl O
conpri semdoeabls) Mheedin beairktgd ssctell agtiate hastaile potv@as aregsestrictbd 86. A pl anar

positioning systemas clainmed. in claim1, Y\ﬁerei n the fi rshﬁ‘and .second
act uat or IREEREILAR eespeativedisy and é?ﬁopﬁ@“g;?%%ﬁ Rf7E FLR§nsipng para éﬂéiﬂac

br ushljes&féll-eﬁ&asﬁgﬁg .I'inear notors; magnetic brushl ess tubular |inear

not ors; vol ce col ?’i near notors; piezo or ultrasonic |linear notors. 30 26.
A pl anar posi & ioveatde plastbemfordohbding s wogkpieer, fhiexeavehblatplatiimrbenge surf ace;
WO 03/ 026838 P /8%00190 -22 fi({sé&] and second actuator neans nounted in
rel at i onSYPBOUES T BQUEEY OV L1 FfECnESPERCS g second actuator means

each having a, 5@ REGEHHinGAREATRY Brsp AithdtONmbidibld Sorlibh&aT thy movesaabl e,
wherein the first and second actuator noveable portions are restricted to

movenent platforme §peoniroléingthesposition. of dasoplatferm inghe fizst linpardimentione thei it
par allbel ccgucf)li%lg ipgrrnalt’cgneg,f LG venTont ];)ffSl fe ;platform in the second linear dimension; and
a second coupling between the second actuator moveable portion and the moveable
platform for controlling the position of the platform in the second linear dimension, the

second coupling permitting free movement of the platform in the first linear dimension.

15 27. A planar positioning system as claimed in claim 26, wherein the first actuator
means comprises two linear actuators arranged substantially parallel to each other with the

second actuator means positioned therebetween.

28. A planar positioning system as claimed in claim 26, wherein the reference surface

20 is formed from at least one block having a flat upper surface.

29. A planar positioning system as claimed in claim 28, wherein the reference surface
is formed comprises two reference surface portions spaced apart from one another and
wherein one of the first and second actuator means extends between the two reference

25 surface portions.

30. A planar positioning system as claimed in claim 26, wherein the moveable platform

is supported by the reference surface by means of support bearings.

30 31. A planar positioning system as claimed in claim 30, wherein the support bearings

comprise non-contact bearings such as aerostatic bearings.



a noveabl e platform for holding a workpi ece, the noveabl e platform being
supported for planar novenent over said reference surface; a first coupling
bet ween tWe oBioeasBs act uat or noveabl e portion and the novealwica/sGol/ad®er m f or
controlling the position of the platformin the first |inear dinmension, the
first 10 coupling permtting free novenment of the platformin the second

| i near di nension; and a second coupling between the second actuator

noveabl e portion and the noveable pl ormfor controlling the position of
the platformin the second |linear dinefision, the second coupling
permtting free novenent of the platformin the first |inear dinmension. 15
27. A planar positioning systemas clainmed in claim26, wherein the first
actuator neans conprises two |inear actuators arranged substantially
paral l el 360 € C t t

t her ebet w%en %@ﬁ%@gglg\g@@ g%??laggfaﬁgg%%s%l%%%“ml%al e q‘:&%t dg 26,

wher ei n uﬂudmdeehéirm]meh Barrrﬁanmed fzﬁmos'ememtnmdl fhiedirstactuatoastoveatte bbﬂmh havi ng

a flat u sur f ace. an positionin ystem mad in claim
28, wher Borr ﬁ@ﬁ‘é‘lsﬁ@fl&fé %s @anft st @%u%@rrﬁ%a@sg%%ﬁn@@ &F\iafﬁt endh difc e
surface pe%iineRSNRRRE&GH (PR cdu 'bgﬂ% gln'f'&vaslﬂg%g?ﬁo H\%nt IRE B a ot @k _the

first and second actuator means etween the two erence 25

surf ace pemonidinear d@enstompl anar positioni ng system as cl ai ned in claim 26,
wherein the noveable platform is supported by the reference surface by
nmeans of support bearings. 30 31. A planar positioning systemas clainmed in

claim30 83Wﬂe[Aeplanérfb%sﬁldﬂlﬁgrsgstaﬁ% cR%Aed MMM %mﬁlﬁﬂi&t@ﬁt ul®B4d Ngs such
as aerostatic bearings / 026838 PCT/ SQ01/ 00190 - £ A pl anar

posi t i onindudsytve ﬁfiraaghtaalaealhbgmdmg@uefmms 2etendingiwthe ssmdfhnpgrt dlmmwm ng

oot s otk oftth REEReapitls BRHRLS n W miPAB I R i 1 bulifla S T oans
to the newmédlel serpingltd @aignhin fotrb@ fhonfl theSfirst dchRgdt nikaf® fsthe movelide i)laﬁ%fm

coupling. allow ng free nmpvenent of the platformin the
in the first linear dimension.

34. A planar positioning system as claimed in claim 33, wherein the first bearings

15 comprise non-contact bearings such as aerostatic bearings.

35. A planar positioning system as claimed in claim 26, wherein the second coupling

includes a second push bar mounted for movement with the moveable platform for

transmission of forces from the second actuator means moveable portion to the moveable
20 platform in the second linear dimension, the second coupling allowing free movement of

the platform in the first linear dimension.

36. A planar positioning system as claimed in claim 35, wherein the second push bar
includes two straight parallel guiding surfaces extending in the first linear dimension along

25 which second bearings mounted to the second actuator moveable portion can move, said
guiding surfaces serving to transmit forces from the second actuator means to the

moveable platform in the second linear dimension.

37. A planar positioning system as claimed in claim 36, wherein the second bearings

30 comprise non-contact bearings such as aerostatic bearings.



second linear dinmension. 33. A planar positioning systemas clained in
claim32, wherein the first push bar includes two straight parall el

gui di ng swofiapes3ext endi ng in the second |inear dinmensi onPCIGGa/00Mgo whi ch
first bearings nounted on the noveabl e platformcan nove, said guiding
surfaces serving to transmt forces fromthe first actuator neans to the
noveabl e platform in the first linear dinension. 34. A planar positioning
systemas clained in claim33, wherein ihe first bearings 15 conprise
non- cont act bearings such as aer ost atT&* bear | ngs. 35. A planar positioning
systemas clained in claim26, wherein the second coupling includes a
second push bar nounted for novenent with the noveable platformfor
transni s$Bon df planarqesitioning sy semss staimed it ¢lain 26, vewerein the/figbangd sseend on t o
t he noveab] e, 20 pl at f or.m.i e I; r i mension, the second
coupling aﬁ{ulat&gmm %?Sgelﬁ%sg%ﬂ}thggowﬁcgh%%gr%%f?m in the first linear

di mensi on. 36.mdmplieh@ishlpadi-chamichiney aiotors;anagietic brdhiess whalantiar wher ei n
t he second push bar _j.ncludes two straight, parallel guiding surfaces

ext endi ngnqtArst Hics ¢qikingar HOETS:aYERO RS UYFASGMG N BOGE: ch second beari ngs
mountegd to the second actuator noveabl e portion can nove, said guiding
surfaces serving to transmt forces fromthe second actuator neans to the
noveabl e platformin the second |linear dinmension. 37. A planar positioning
systemas clained in claim36, wherein the second bearings 30 conprise
non-cont act bearings such as aerostatic bearings. WO 03/026838

PCT/ S&1/ 00190 -24 38. A planar positioning systemas clained in claim 26,
wherein the first and second actuator neans are selected fromthe group
consisting of: magnetic brushless U channel linear notors; magnetic

brushl ess tubular linear notors; voice coil linear notors; piezo or
ultrasonic linear notors. 5




