-1- DETERM NATI ON OF A MOVABLE GANTRY POSI TION FIELD OF I NVENTION 5 The

I nvention relates to novable gantry systens and in particular to the
accurate determ nation of the positioniof a device carried on such a
gantry system The device position may be in a two dinensional plane or a
three di nensional space. BACKGROUND 10 The invention has application to
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co-ordinate measuring nmachines, and to accurate positioning systens

requiring f FIELD.OFANVENTIONS a subst antially stationary working area.
Ref erences herein to gantry systens are to be understood as including
mul ti-axis positioning systenms whereby a device is required to be
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on the 25 ¢ ##l ge's hat the device is noveable in a third direction
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performed by nmpunting nmachi ne-readabl osition-encoded scales in line with

2 application in'die placement machines, wafer inspection machines and co-ordinate
measuring machines, and to accurate positioning systems requiring free access to

15  a substantially stationary working area.

References herein to gantry systems are to be understood as including multi-axis
positioning systems whereby a device is required to be accurately positioned in a
two dimensional plane or a three dimensional space. In a typical two dimensional

20 arrangement, the device is supported by a carriage which is movable back and
forth in a first direction along a gantry beam. The gantry beam is movable back
and forth in a second direction which is typically perpendicular to the first direction.
The gantry beam is typically supported at both ends by a pair of carriages. |If
movement in three dimensions is required, the device is movably supported on the

25 carriage so that the device is moveable in a third direction which is typically
perpendicular to both the first and second directions. The three directions are
typically orthogonal XYZ axes.

Typical conventional positioning systems include gantries of a T or H-shaped
30 configuration. In these positioning systems, measurement in the XY plane is
performed by mounting machine-readable position-encoded scales in line with



each of the X and Y actuators. The layout is sinple to inplenent and the
servo control architecture is straightforward. Figure 1 shows a plan view
of such a system being a gantry systeinfwith an H 5 shaped confi gurati on.
One application is an Surface Munt Technol ogy (SMI) placenment machi ne. The
gantry systemcontrols the positioning of devices 18 over a working area
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of the X beamin a Y direction. Respective sensors in the Y actuator
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from a machine-readable position-encoded scale 17 which is fixed to the X gantry
13.

The disadvantage of such a system is the lack of information on parasitic errors
20  which degrade the final overall positioning accuracy. Such errors occur in both
axes and can include tilts and deviations from straightness. While parasitic errors
can be compensated for to a certain extent, for example by an indirect calibration
process such as volumetric mapping, the errors tend to change with time, for
example due to long-term dimensional instability or thermal deformations in the
25 gantry system or its components. The frequency of re-calibration has to be
determined from the level of accuracy required, as well as from the stability of the
environmental conditions. Even if re-calibration is performed periodically, non-
correctable errors, for example random, non-repeatable errors in the mechanical
system, will remain. These errors pose limits to the final level of positioning
30  accuracy achievable with the system described above with reference to Figure 1.



It is technically possible to freeze a two di nensi onal measurement grid
with an absolute accuracy of mcronetre | evel over an area of sone 400 nm
x 400 mm |f desired, further inprovem&nts could be nade by error mapping
to achieve nanonetre accuracies. Such a two dinensional grid can be nade
alnost totally s tenperature independent by using zero expansion gl ass

substrat es. Ex Les I f s it?bl e materials include Zerodur or ultra | ow
thernmal expd ??%ﬁ MR @r?%ﬁsﬁl%L%)ﬁ,eeZWat o, dimRnsiang Bnasurement grid Witk 88nsi on
(CTE) of 00.sbgphts a&wﬁdhtyaofﬁlﬁib@nﬁtreaévél@pép@rﬁ btlafofSoRR A0 mRfx 309 v ed at

the mean working, level for to absolute error nmapping of the gantry system
The process ‘4<e§'rgddsﬁ'.r§‘ﬁﬂ 'mpr@@men&mcpoewa&eemadepem@mrwgmm&tam{ave
i mproved acGiahafmetrdi dcBlifacis! OIS di ér’i‘é‘?&ﬁ@ﬁﬁ{i'&n‘”@ ﬁﬁg@%@ﬁg{m@?nge

has negligible effect on the dinmensional sta ty o ronrc
system 35 femperature dntependentdrydusing:zeroi expansion igiasgsubsyatey s Examplesfofgur e 1

the gantry So88 métbids AR PEALE Y Fariil Herfh SkpBrdSE malkid Thi. **°V
paral | el i smwith @ teeficentiof thenmabexp@nsidnl(CTE) op0+082ppe. head 22 reads the

I nstantaneous X and Y positions of the gantry. However, this reading if
the XY position is nmade at the level of the grid 21 which is 20 displ aced
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effects can be rea y neasure ‘corrected, at least to sonme extent. In
effect, the gantry no longer relies on the quality of its guiding system
on .t hose of tem
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accessi bi | | oy ah @ppiidpflatety d{dthgf 2RplaBed directly above the gantry system. The grid
is placed with sufficient flatness and parallelism to the working area 19. A look-up
sensor head 22 reads the instantaneous X and Y positions of the gantry.
However, this reading if the XY position is made at the level of the grid 21 which is
20 displaced in a vertical direction above the working area. As such, Abbe errors due
to pitch and roll of the gantry beam and X carriage have to be kept to within
reasonable levels, or compensated for.

The Abbe errors can be compensated for by making real-time pitch and roll

25 measurements of the gantry relative to a flat reference surface which,
conveniently, can be the grid 21 already provided for making XY measurements.
With such a metrology system, no caiibration is required and dimensional changes
due to thermai effects can be readily measured and corrected, at least to some
extent. In effect, the gantry no longer relies on the quality of its guiding system but

30 rather on those of the measurement system. However, this system still suffers
from the disadvantage of poor visibility of, and accessibility to, the working area 19
which is covered by the ‘overhead’ two dimensional grid 21.



which is covered by the "overhead' two dinmensional grid 21. 4 SUWARY OF

I NVENTION It is an object of the present invention to provide a nethod and
apparatus which 5 determ nes the rel atdve position of a novabl e device
with respect to an environnent in which the device is noved, or at least to
determ ne a position while reducing the effects of sone of the problens of
the prior art noted above. In one aspect the invention may be broadly said
to be a position neasurenent 0 systemfor determ ning the position of a

wor ki ng poi SUMMARY OF INVERTYONKI ng space, the position nmeasurenent system
including at least first and second nmeasurenment nodules, the first
nmeasur enment nodul e bei ng capabl e of providing nmeasurenents of a first set
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measur enent geduicing the effacts 9ésome of thespbblemswitise priortdrbenated abows]i at e
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di spl acenments including a relatively |arge displacenent in 20 a second
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system i ncl udes a further rreasurerrent devi ce capab provid
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| ocati on of compomﬂni,stl'rEefmshtsehaﬂmd@}umeldedlsﬁeoetuemtednd:ladlngm relatively Iarge
15 displacement in a first linear degree of freedom and relatively small displacements
in at least two of the five degrees of freedom other than the first, the second
measurement module being capable of providing measurements of a second set
of displacements of the intermediate component relative to the working space, the
second set of measured displacements including a relatively large displacement in
20 a second linear degree of freedom, the second degree of freedom being different
from the first, the second set of measured displacements aiso including relatively
small displacements in at least two of the five degrees of freedom other than the

second.

25 Preferably, the position measurement system includes a further measurement
device capable of providing a further measurement of the displacement of the
intermediate component relative to the working space in the second degree of
freedom, but at a location offset perpendicularly to that degree of freedom from the
location of the measurement made by the second module.

30
Preferably, the further measurement includes redundant displacement information
which is used for self-calibration of the position measurement system.



Preferably, the further nmeasurenent includes redundant displacenent

i nformation which is used for self-calibration of the position neasurenent
system 5 Optionally, the working space5i's a three dinensional volune, the
first set of displacenents is of the working point relative to a first
part of the internediate conponent, the second set of displacenents is of
a second part of the 5 internedi ate conponent relative to the working
space, and the position neasurenent systemincludes at least a third
measur enent Optidoally, théavdrkingdspateaisua etheset dimsshsiohabeiohgne; ajpabfiret @kt of
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15 Preferably, each measurement module consists of a plurality of optically encoded
scales and a plurality of optical reading heads, the scales and heads of each
module providing the measurements of the displacements as measurements of
incremental displacements in orthogonal directions.

20 Preferably, the optically encoded scales are pre-calibrated to an absolute
orthogonail grid.

Preferably, the optically encoded scales are manufactured on a substrate having a
substantially zero coefficient of thermal expansion.

25
Alternatively, the optically encoded scales are manufactured on a substrate having
a high thermal conductivity.

Preferably, the optically encoded scales are optical gratings.

30
Preferably, each measurement module includes an optically encoded grating
which extends longitudinally in one direction on a substrate having a side which is



Preferably, each neasurenment nodul e includes an optically encoded grating
whi ch extends longitudinally in one direction on a substrate having a side
which is 6 substantially planar in the-fongitudinal direction, the planar
si de being substantially perpendicular to the plane of the grating, t he
nodul e al so including at | east one optical reading head capabl e of
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conponent . fispiagemBnts relative tosthe piane ofithe planaesided neasurenent nmodul e is
kinematically fixed relative to the internedi ate conponent, and a second
part of the second 15 neasurenent nodule is kinematically fixed relative
to t he wor kPreferaplyc the nan-cordae srtscerdp @ capaditive, indestiveoor opligabsenispoadl y sai d
to be a nultiple axis positioning device including the position

nmeasur enment system of the first aspect of the invention, with or w thout

t he pref er eReeferablypta @irst pmdo&ltherﬁnsit measureoieat] Nl v &jneamaticaihc ffined ng  at

| east first d ond tion ators gnnect.e | 1.
sequent ithi - tSANe TG Bptiaphn Shi 35toBaf, SR ST it i mBasi et mofie Rior ki ng
space, the kinesaticallyfixko relathys oGt lduet wpaktion thepintaninediateatdrvporientt he

i nt ermedi ate conponent and the second actuator noving the internediate

conponent relative to the working space. 25 Preferably, the positioning
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In a second aspect the invention may be broadly said to be a multiple axis
positioning device including the position measurement system of the first aspect of
the invention, with or without the preferences, options and altematives noted

20 above, and including at least first and second motion actuators connected in a
kinematically sequential chain and operable to position the working point in the
working space, the first actuator moving the working point relative to the
intermediate component and the second actuator moving the intermediate
component relative to the working space.

25
Preferably, the positioning device is a gantry table having a carriage supported by
a gantry beam, the carriage carrying the working point, the gantry beam being the
intermediate component, the first actuator being operable to move the carriage
and the working point relative to the gantry beam and the second actuator being

30 operable to move gantry beam relative to the working space to position the
working point in the working space, and the movement of the gantry beam being



30 operable to nove gantry beamrelative to the working space to position

- the working point in the working space, and the novenent of the gantry
beam being 7 not parallel to the novement- of the carriage and worki ng point
relative to the gantry beam Preferably, the gantry table is an XY
positioning table having an Hshaped 5 configuration, the carriage noves

along the g r o an X axis . .direction, the beamis supported at each
end for mvgﬁérﬁérﬁ@gﬁ ttﬁ% T%“ﬁ”éenélqgﬁbet%"agﬁuﬂﬁq HYArkiag| Rointarelativel tovthgxi s
tracks, and dantryleamd Y axes are substantially perpendicular. 10
Alternatively, the gantry table is an XY positioning table having a
T-shaped configuration, the carriage noves along the gantry beamin an X
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Fabi e al ong oo ot s TR QBT (BHE PR AR X RPorils nt RGN HERped

per pendi éul &enfigusation, the earriage siswes atong thergamtni beamiryah X dxiodicdotionathd t o be
a met hod of rdn 4| h Lt Wy oi,nt ative to a

wor ki ng spagg,gﬁfrllég} %U(H&%geﬁegts%%lﬁhgbg@ ﬂr@?‘%&to%vgﬁ stﬁ? a%'g’l?erﬂgngoftwf’he
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measured di igtpae RS including a relatively large displacenment in a
first linea egree of freedomand relatively small displacenents 20 in at

| east two of the five degrees of freedomother than the first, nmeasuring a
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determ ning the position of the wor relative to the working

space fromthe displacenents of the first and second sets. Preferably, the
wor ki ng 3 paﬁ?aitﬁir@aéﬂb’c?%éjihmﬂnorﬂ% b (?::lrc'igmy shill %o bl et c?ffdetennining
the position of a working point relative to a working space, including measuring a
first set of displacements of the working point relative to an intermediate
component, the first set of measured displacements including a relatively large
displacement in a first linear degree of freedom and relatively small displacements
20 in at least two of the five degrees of freedom other than the first, measuring a
second set of displacements of the intermediate component relative to the working
space, the second set of measured displacements including a relatively large
displacement in a second linear degree of freedom, the second degree of freedom
being different from the first, the second set of measured displacements also
25 including relatively small displacements in at least two of the five degrees of
freedom other than the second, and determining the position of the working point
relative to the working space from the displacements of the first and second sets.

Preferably, the working space is a three dimensional volume, the first set of
30 displacements is of the working point relative to a first part of the intermediate
component, the second set of displacements is of a second part of the
intermediate component relative to the working space, the method including



30 displacenents is of the working point relative to a first part of the

I nt ermedi ate conponent, the second set of displacenents is of a second part
of the internediate conponent relativeg-o the working space, the nethod
including 8 neasuring a third set of displacenents of the first part of the
I nternmedi ate conponent relative to the second part of the internediate
conponent, the third set of neasured displacenents including a relatively
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scal es ase madusevondy tue thirds sbisof ateasuleal displagementssalsdtindlliivig zelatively
coefficient of ,thermal expansion.. is ernatjvely, the optically encoded
scales are SHRUf ?ﬁliﬁe&?r{ﬁ"Ba{)lgﬁtatf”&élﬁh?iﬁﬁﬁ dlearerﬁ%gq{ fTesdrmpthepHiandhevi ty.
Preferably, thilte optically encoded scales are optical gratings. 20 In a
fourth aspect the invention may be broadly said to be a nethod of
positioning a working point in a working space, including the nethod of
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i nvention, and includin novi ng t he wor ki ng poi nt 39 eas{ I'T St ang
second nti @ﬁtl%ﬂlvtﬁé!@%@i?w‘ﬁ%@lcg@ticﬁl rgadingheads.i cal | y sequential chain, the
first actuator noving the working point relative 25 to the internedi ate
conponent and the second actuator noving the internediate conponent

rel ative toPreferaily, ithengptiqally @encodesf soadesl gre mhamufasttieddon subsheéss hmiingga a

gantry tabl | arrl rted . a gantry beam the carriage
carrying thgug\/\%%{'ll.'(tlg]“%%sgq é]{e%%?ﬁ%?@éﬁqwﬁ%@ﬂm 30 being the internedi ate
conponent, and operating the first actuator to nove the

15 Alternatively, the optically encoded scales are manufactured on substrates having

a high thermal conductivity.
Preferably, the optically encoded scales are optical gratings.

20  In a fourth aspect the invention may be broadly said to be a method of positioning
a working point in a working space, including the method of determining the
position of a working point, of the third aspect of the invention, and including
moving the working point by least first and second motion actuators connected in a
kinematically sequential chain, the first actuator moving the working point relative

25 to the intermediate component and the second actuator moving the intermediate
component relative to the working space.

Preferably, the method includes using a gantry table having a carriage supported
by a gantry beam, the carriage carrying the working point, and the gantry beam
30 being the intermediate component, and operating the first actuator to move the
carmiage and the working point relative to the gantry beam and operating the



carriage and the working point relative to the gantry beam and -operating
the 9 second actuator to nove the gantry beamrelative to the working space
to position the working point in the wldrking space. Preferably, the gantry
tabl e has an H shaped configuration and the beamis 5 supported at each
end for novenent over the table, including noving the carriage along the
gantry beamin an X gxis direction, and noving the gantry beam along two
subst anti al Isﬁccﬂ'!if%ﬁt'l‘gpr i 'EQY%ﬁ}er%ﬁm@,bqaﬁére’@t&’%do (he, wetkingbspageda PosiEiRni al | y
per pendi cul #ie wafkingy pitiAthe/Rbxingidpacgantry table has an T-shaped
configuration and the beamis supported at one end for novenent over the
tabl e, including noving the carriage along the gantry beamin an X axi’s

di rection, i t K - g , dy
axes being %‘Sﬁ% pg?léﬁg'g??ebﬁlé/dlh%%@%?s eclg?l%}rrl fégngﬁrgythén%ﬁﬁgbe

sai d to éonsupported atreachlend formbvementrdvien el tableofnchalitgsmoving fieatammiage

menti oned h I r in_the oppaRYyi N raw ngs. Knpwn equival ents
of these papicnodn®ealy tealln Afx B BRI L bRy gdhe gty beat St
nevert hel esswvolaabetdntiallybparatiell Vidaxis tratks, BB EFandEYCRKEY IbeiMgOEubIRAW:
Preferred nodes g.nd enbodi nents of the invention will now be described with
ref erence t BEPRBYSHBEnhanyi ng drawi ngs of which: 5 Figure 1 shows a
schematic plan view of a prior art positioning device, 10 Figure 2 is a
schematic front elevation of a prior art positioning device, being the
posi t i oP ngAHeRaEelpf the; ganty tabig has tate TRhaped sionfiguratienvanddtheebrandrial grid
above the VgisldHedaitishe driddiek fotefleANBvér tRERAIB! inEiuBingmilifg iR cAmBge" er ' ed
posi ti oni ng device

along the gantry beam in an X axis direction, and moving the gantry beam along a

Y axis track, the X and Y axes being substantiaily perpendicular.

15 The invention may further be said to consist in any alternative combination of parts
or features mentioned herein or shown in the accompanying drawings. Known
equivalents of these parts or features which are not expressly set out are
nevertheless deemed to be inciuded.




according to the current invention, and 15 Figure 4 shows an isonetric view
of a general enbodi nent of a conpound sensor head of a positioning system
according to the current invention. DEAN LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS 20 It is to be appreciated that positioning systens according
to the current invention may be inplenented in various forns. The

fol |l ow ng eghndi i way of exanple only. 25 Figure 3
" shows a sch&h Ff%éﬁﬁﬁg&e@?bﬁaggred positioning device according to
the current invention. The positioning device has a gantry systemw th an
H shaped configuration. The gantry system controls the position of devices
8 over a \N%F?JP @@@&39?"%8”%99' $ b dheg inveation will é‘éwoge Sesccibesk with or
carriage_4. rehbnée el 88mipainyiRG Aifgd & vilcr¢ di rection along an X gantry
beam 3. The gantry beamis "supported at its ends, for novenent in the Y
directioh, on two Y actuator -11 carriages 1, 2 which nove al ong tracks
al ong respecti vesQRROS| | : i.ng. ar . sors Y1l and Y2
in the Y carri ag@ga'%,135‘%%?325%2@%9%%&@% gwéﬁean&ﬁ?g%%g?ﬁﬁﬁo TV6® the X
carriage 4 from position-encoded machi ne-readabl e scales 5 and 6. A sensor
Xin the X carrigge 4,i.s used to.determne.the X position of the 5 X
carriage froma %Iggriet ?d%-aeﬁﬁ%%?lt'%ﬁem ﬁlgy?téoé'dgfoﬁeg%a?rke p?s@ﬂf"f?ﬂ Jevids xed to
the X gantry beam 3.beigethélpesitibnifily sedatef Figurear witeand additieardfya &aeoded,
for exa\r;BIe wi th an optical ati and are nounted on respective sides

Fipa
of the WBrking area $'MeRRIRAlBNY 3pgVe tg WIKIPA®BUNt ed so that they remain
substantially parallel in the Y direction wunder all working conditions and

are fixed rigi d|e|¥' at one point each, relative to the substrate holder 9,
along the Y direfigiign3 shewsoa is6Be@atic planawewi of a dreleredepasifipning device

according to the current invention, and

15 Figure 4 shows an isometric view of a general embodiment of a compound
sensor head of a positioning system according to the current
invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

20
It is to be appreciated that positioning systems according to the current invention
may be implemented in various forms. The following embodiments are described
by way of example only.

25  Figure 3 shows a schematic plan view of a preferred positioning device according
to the current invention. The positioning device has a gantry system with an H-
shaped configuration. The gantry system controls the position of devices 8 over a
working area 9.

30 The devices 8 are mounted on an X actuator carriage 4. The X carriage is
movable in an Xdirection along an X gantry beam 3. The gantry beam is
supported at its ends, for movement in the Y direction, on two Y actuator



fixation points, relative to the Y, scale 5 itself, also has to be

mai ntai ned. The vertical position (i.e. perpendicular to both X and Y) of

the optical gratings on the is Y1 and Y?l scal es should be as cl ose as

possi ble to the nean working level, for exanple, the top surface of the

substrate being worked on. The effects of machi ne structure stability on

the final pqsitionin E Brac?‘/ﬁ tICU| arI the stability between the
it %k AP g

wor k- pi ece FBIMR9FS 1akd u?@”giﬁs V%é’ﬁpﬁ?'b@eﬁ eg|9fnthBat ed

by nounting vﬁdﬂﬂngﬁﬁ@memhor&mtﬁﬂ Yi ﬁﬁl‘het\océﬂi‘l@?eé/ HCh kd VséY td HeMminki NY
area, rather tganson the gantry structure itself. This is necessary since

t he wor k- pi &% WiRe of &hg X s@magedt from Rosition- em@dgﬁmvhme-neag@ble sgaleshe Y1
scal e 5 (onslffde ShdRnsor f'lﬂﬂfeex%érri e |§QI§'QH‘t'6'Ge%?@ E(Zé{ Pcﬁﬁ strip
|sp ace e

encoded with a first grating for deté€rmnations o

directi o, Znepraagattendca pesitign- @rmedaddnaqhme-r@agemersaalgr7awhng mﬁxecgtoahegned
per pendi cuI first, for determ nation of displacenent in the X
di rection. %%t@?ﬁ%gﬁ%d head enabl es: (a) nmeasurenent of a Y1 position

usi ng sensor head Y1, 30 (b) the X deviation of t he beam3 of the X gantry,

o el 2 B B8 e Mo A B I ol Ul S5l S,

scal e 6 (ongratinlt and Gee imbunitedbe réépacﬁv@léldﬁsftﬁ&ﬁ@@ldrﬂngrawa@eTiheé(e dvoection
5 neasurenent from sens?dYZ nmeasur enment int on scal e is used

o8
as the ri8f eFERIER afpimpunted go “E‘?nteﬁ'ﬁy( re@i'ralerH‘PStﬁﬂt'a!'Ylé’aﬁﬂ'ebl‘rHF'}?affed'é%%'?'ém as
descri bed, agadavedil waﬁqrfg%or@moheta@ﬂla?@ fixéd ﬂgudgaar onea&ﬂh'lt eddhe reZat% 9:thé0 The

position sensors, nmeasur enment readi ng Y, and Y2 of both Y scal es

are rmount edSdpstEatR hR"’&ér?t Aongetis 8. d'rﬁﬁ%@b Fhasethesenal $tabiliy ofrthgseéued to be

fixation points, relative to the Y, scale 5 itself, also has to be maintained. The
vertical position (i.e. perpendicular to both X and Y) of the optical gratings on the

15 Y1 and Y. scales should be as close as possible to the mean working level, for
example, the top surface of the substrate being worked on.

The effects of machine structure stability on the final positioning accuracy, and
particularly the stability between the work-piece holders and the gantry structure,

20 can be largely eliminated by mounting the measurement system close to the
vicinity of the working area, rather than on the gantry structure itself. This is
necessary since the work-piece is the real point of interest.

As shown in Figure 3, the Y, scale 5 (on left side in Figure 3) is a compound scale
25 having one strip encoded with a first grating for determinations of displacement in
the Y direction, and a second strip encoded with a second grating being aligned
perpendicularly to the first, for determination of displacement in the X direction.
The compound head enables:
(a) measurement of a Y4 position using sensor head Y4,
30 (b) the X deviation of the beam 3 of the X gantry, using measurements from
sensors X4 and/or X', and



hel d stable relative to the X scale 7, especially in the neasurenent
directions which are X, Y and Oz for the Y, neasurenent and Y for the Y2
measurenent. 15 A conpound readi ng headlZi t h neasurement sensors X1', X2'
and Y1, is included at the left end of the X gantry beam 3. This conpound
head scans the conpound scale 5 and provides three respective measur enment

Ctrips. in a manfGieaalshte SRR 3AT Fne Pl BriRiREE o, e

two sensors X1' andn3dX,,. are placed as far apart as possi bI e. The two
measurenents X1' and X2', are required to neasure the yaw deviation, QOz.
Zero yaw position can be defined absolutely if the X position measurenent

coul d be madpeabsstald € (6ﬁfnbﬁf sil& 3 Figled 8TRNGAY neelEd&S Wo%ﬁieaé‘ Y Stctigat

calibration for orthogonal ity can be carried out. 25 Scale 6 gives, In
principl &, ﬂ‘%ﬁ[ﬂ‘i&ﬁiﬁ?oﬁ’e‘%@lﬁpe&nt Y2, but is incorporated as it can

provi de better resolution for yaw deV| ation than the two sensors X1' and
X2', since the neasurenent sensors Y1 and Y2 are spaced further apart than
are sensor $hxlfs measuxementeeinherancale 5 isrusetiasntherreferernoe paints éastie X¥n be

owover , ¢ nesfl - EBinel Ssioth o ol S oS R SRR 0L S . or

in a gantrgbbattheg-axisl- shaped configuration. In the case of an H shaped
conflguratlon gantry, position information referred to the centreline of
each of Yhe two Y actuators 1, 2, for exanple for commutation of I|near

act uat or  MOTAE Hosiian sBAsdrs CaH rﬁaéatr@mehvreaaingmhet YPind voRY e dedés " e

practlce t he extrapol ation error incurred be negﬁm? snmal
gi ven cont efte Heunigd ontthe XNgantiyrpapnd Tassg eweaﬁunem%\t onlxc\neecﬂrto be

compound SC@%IQ dabl® %ﬂégﬁg g R e pos&ﬁ{égrﬁmeﬁ eres{ﬂfr&péﬁtﬁ&?edtlﬁns

nount ed as ose as possible tot
end- ef f ect owhjpbiane X, Y and 6z for the Y, measurement and Y for the Y; measurement.

15
A compound reading head with measurement sensors Xy, Xz’ and Y,, is included
at the left end of the X gantry beam 3. This compound head scans the compound
scale 5 and provides three respective measurement outputs X', X2’ and Y;. The
compound scale has two encoded grating strips, in a manner similar to the

20 compound scale 5 described above. The two sensors X' and X', are placed as
far apart as possible. The two measurements X;" and X,', are required to measure
the yaw deviation, 6z. Zero yaw position can be defined absolutely if the X
position measurement could be made absolute rather than incremental
Otherwise an indirect calibration for orthogonality can be carried out.

25
Scale 6 gives, in principle, a redundant measurement Y,, but is incorporated as it
can provide better resolution for yaw deviation than the two sensors X;' and X',
since the measurement sensors Y; and Y. are spaced further apart than are
sensors X4 and X;'. Redundant information from the Y, sensor can be used to for

30  a self-calibration of the position measurement system.



of the devices 8, for exanple the die collet in a die bonding machi nes, and
to the wvertical |evel of the substrate or other working surface 9.
Mounting stability of the scale 7 rel-at3ve to the beamof the X gantry
beam 3 is not as inportant as the nounting stability relative to the
measur enment reading heads Y1, Y2, through 15 which references to the Y

scal es are ESI onal stability in_the XY | ane between t he

wor ki ng poi weggr Irt}"ea A SERER, CHEEY Oﬂ‘éqf-idc orexagpie VerROsts, 0B et
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X, Y1' and Y2', is also of great [nportance read
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when conpar edglewvill be smiallsi ¢ neasurenents, these deviations can be

significant when a position determnation at a high |evel of accuracy is
requi red. Such deviations can arise fromlinear displacenents x, y, z, and

roll (O), A §|mhar(¢bh)p(ﬁmd Stane vsg)nduntémmtoqn@o(agarm Séarh Be T ENeGar ri age
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of the concept of the conp sensor-head /scale as described above in

rel ation tovemiealdeysl johfhe ubsiraty @'L@tBeBWOItkmga!}lsf@Cﬁé?asMﬁém"m stabiliyeafithe i on.
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X", X2 gi plase thetwelav itled monkifig @oint, such as a placement head device 8, and the
measurement sensors mounted on the X carriage 4, and which provide
measurement outputs X, Y¢' and Y2, is also of great importance.

20 As will be readily appreciated by one skilled in the art of guantifying movements
and positions in a Cartesian co-ordinate system, the accuracy of basic XY
measurements, for example obtained from the X and Y, sensors, may be
improved by correcting these basic measurements with residual measurements,
for example the measurements of the relatively small deviations obtained from the

25 Xy, X2, Y1, Y2, and Y3 sensors. Although relatively small when compared to the
basic measurements, these deviations can be significant when a position
determination at a high level of accuracy is required. Such deviations can arise
from linear displacements x, y, z, and roll (6y), pitch (6y) and yaw (8;) in the
operation of the gantry carriage assemblies and will be familiar as the six degrees

30 of freedom in a Cartesian co-ordinate system.



strai ghtness, while the nean of the absolute deviations in Z1', Z2' gives
the io deviation fromflatness of the Y axis. A simlar conpound
head/ scal e, having five sensors, can -al4o be used to provide correspondi ng
measurenents for the X-axis. The neasurenent system described is nade
substantially thermally insensitive, thus providing |ong-term di nmensional

' the scales of Zerodur or 1s Utra Low Expansi on (ULE)

stability, maki n _
gl ass. | % c%é“—% r%‘gf"?\?é‘ 'éﬂﬂﬂ”&é’ﬁ"ﬁﬁg? geperghemRodiment 6Ea compomeg senRor may
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cal i br at i ondeviati@rsvof eutpatshfeomt heasurement pairmX,'0Xg- afhd 2r@i rgpadtdienst an
absolute 2 andard to further enhgnce.accuracy, It is to, be understood
that the scgl"aéerd %Bleaﬁe%leég _SPVP%Q%E'W%@ 1&3)&:1.96‘??3 @th%!ﬂt'oﬂﬂm ngs in
bot h di r ect k@aightness, FKREThE médh @fethe "AdIE Meviatidh8§9hez," Izt §i08s ithe
exposed on a Zerodur or SiSiC substrate, one edge or side of ich is 30

fi ni shed9t odeYidliontiom anass ity 2ds BrsimilaiGastnpund deariecate; hapa ke used
as a target sefhe @RGisBE ﬁ@é‘o@tofﬁl?ﬁviéé‘@bﬁé&iﬁnﬂfm@%@éé&erﬁ@@?%ﬁhef)@éxi?.xa”pl e

capacitive, inductive or optical sensors. -157In one preferred arrangenent

the substrate has a planar side which is perpendicular to the plane of the

grating. A”Tﬂ@%fé”éurérﬁg@i %tﬁ%s%&eﬁadgisﬁBé@ﬁﬁﬂﬁ?&?rr@ﬁl%‘%géﬁ?ﬁve

| ongi tudi nal grating a ast one non-contac exanpl e,
capaci ti ve, thuscaroviding lomg-tesmi disiensienalmtabilitg alsy makingi the Isasleswfi Zsrodueloat i ve

L0 oL e b 2yl 1 & ket fuy &) JBGUIOH LIRS ARANE AIBRELIORL! AWEH Ficsedst
of Zerodur may not be acceptable, the position encoding scales could be produced
on substrates with a high thermal conductivity as well as dimensional stability (e.g.
stabilised aluminium or SiSiC). The high thermal conductivity helps to ensure that
the temperature of the scales remains substantially uniform along the scale length
20 and thus only creates a first order scaling error that can easily be compensated

for, for example by three point calibration of the substrate fiducial marks.

The above-mentioned system is in essence an absolute grid and requires no
calibration in service, other than an optional one-off mapping against an absolute
25 standard to further enhance accuracy.

It is to be understood that the scales do not necessarily have to be based on
optical gratings in both directions. For example, in one embodiment a single
grating is exposed on a Zerodur or SiSiC substrate, one edge or side of which is

30 finished to the required straightness or flatness, so that it may be used as a target
reference surface for analogue proximity sensors, for example capacitive,
inductive or optical sensors.



wor ki ng plane, i.e. a two dinensional working space, it is entirely
feasible to apply 1o the sane neasurenent concept to a position device with
a three dinensional working volume, fol>exanple as in a co-ordinate

measur enent machine. In such a case, nultiple neasurenent nodul es capable
of nmeasuring displacenents in up to all 6 degrees of freedomare required
for each of the X, Y and Z axes of the nmachine. This is because, with
relatively | arge working strokes, the residual errors 15 in any degree of

freedom of ¢ractneaxprefetr@d erahgegent ee i gustiath Hds i ;ﬂérm ejet evAMatied that

th t | | t
devi oo 1 PeEopRUHEE 1BBF M 1 (e EhRg AT PRECA) oo Jioad FeRSHERa

space. 20 THrplaeer@atsdofs s idrgRuding JrafRNah® At idast BAé RBnRORTARE 5&r5dror Ns
thereof. Alterations and nodifications as will be obvious to those skilled

in the aft &PEexamplendccARASTNG INAUBMEoPaPRIFASENSTR) MeasHespdispiasesaentas

defined in {d)8veApIRTPRAY ABIaRLALIAE- - 16 CLAIMS 1. A position measurenent
system for determning t Bosmlon of a working point (8) relative to a

wor ki ng space (9), the positlon measur enent system5 i ncl udi ng at | east

first and s S the f asur . ei ng
capabl e of %‘ﬁﬁw I Ng ﬁéﬁ@ﬁﬁéﬁﬁﬁéﬁ gé‘fers PJ Pséd’ nglf 3%}.{@%@@6%”%@@@4? t he
wor ki ng poi miorkied planegci.¢.ca two dimeesioadl mmlng(nnaoe,ehts e{n’in}ely femsitiie totpplgt  of
measured di gpl acenents inclu a.relativ r sp acenent  ( |n a
frst cipnel SEEFaReSsirpmetfsfieshy’s o hosfay elice Wity Obves dbrndoray
Y2') in at leddtg onOmtay\terf(ambI% dd ive steguaete mfeaéuremmr@hhmé thadeH Be
first, the second Eeasuremant HI e bein cgpabl e of (ﬁ{ow di ng .
measur enent §3%% MYl @Edﬂﬁa%’é?mﬁ'f‘t mafues ae rFasuARg & up
conponent r e all iev@edred BEfraBddrh e FEGHRd foh@acﬁgﬁﬂféﬂxsvtam Z'B@s WraHe
di spl acenents including a relatlvely Iar? | acenment

machine. This iS because, with refatively large workmg strokes, the residual errors

15 in any degree of freedom of each axis can no longer be ignored.

It is also contemplated that the measurement system could also be applied to a
linear positioning device, i.e. a device positioning a working point in a one
dimensional space. |
20

The foregoing describes the invention including preferred forms thereof.
Alterations and modifications as will be obvious to those skilled in the art are
intended to be incorporated within the scope hereof as defined in the
accompanying claims.



(Y1) in a second linear degree of freedom the second degree of freedom
being 15 different fromthe first, the second set of neasured displacenents
also including relatively small displatferrents (Xi, X2) in at.least two of
the five degrees of freedomother than the second. 2. A position
measurenent systemas clainmed in claiml, including a further 20
neasurenentfﬂgﬁggg capabl e of providing a further neasurenent of the

di spl acenen of the internedi ate conponent relative to the working
space in the second degree of freedom but at a | ocation offset
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part of themdah%r M@t ea;favlmoaterﬁrowamg trhedstirsréntsf ofmas%é@&'nd set of
di spl acenents including a relatively large displacenent in a third |inear
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relatively small displacenments 1o 1n at |eas egrees of
freedom ot héY1)tlm]@nsqqsgdtlﬁpaﬂdegree of freedom, the second degree of freedom being
15 different from the first, the second set of measured displacements also including
relatively small displacements (X;, X2) in at least two of the five degrees of

freedom other than the second.

2. A position measurement system as claimed in claim 1, including a further
20 measurement device capable of providing a further measurement of the
displacement (Y») of the intermediate component relative to the working space in
the second degree of freedom, but at a location offset perpendicularly to that
degree of freedom from the location of the measurement made by the second
module.
25
3. A position measurement system as claimed in claim 2, wherein the further
measurement includes redundant displacement information which is used for self-
calibration of the position measurement system.

30 4 A position measurement system as claimed in any one of the preceding
claims, wherein the working space is a three dimensiona! volume, the first set of
displacements is of the working point relative to a first part of the intermediate



5. A position neasurenent systemas clainmed in any one of the preceding
clai ns, wherein each neasurenent nodul e consists of a plurality of
optically encoded scales and a pluraldit#-of optical reading heads, the
scal es and heads of 15 each nodul e providing the nmeasurenents of the
displacenents as neasurenents of incremental displacenments in orthogona

di rections. Elon measur enent Sésten1as claimed in claim5, wherein
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optical Peatl®d thedive Wr%égdﬁ?ﬁ@"&t%%ltﬁ%w idin the |ongitudinal
direction of the gratl ng and at | east one non-contact sensor capable of
measuring displacenents relative to the plane of the planar side. io 11. A
posi tion melsur efretsitiopsmeasuementapyaiemi as claihed i anwaneedihthenereneding
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measur enent syst'em as recedi
encoded scales and a plurality of optlcal reading heads the scales and heads of

15 each module providing the measurements of the displacements as measurements
of incremental displacements in orthogonal directions.

6. A position measurement system as claimed in claim 5, wherein the optically
encoded scales are pre-calibrated to an absolute orthogonal grid.

20
7. A position measurement system as claimed in claim 5 or claim 6, wherein
the optically encoded scales are manufactured on a substrate having a
substantially zero coefficient of thermal expansion.

25 8. A position measurement system as claimed in any one of claims 5 to 7,

wherein the optically encoded scales are manufactured on a substrate having a
high thermal conductivity.

9. A position measurement system as claimed in any one of claims 5 to 8,
30  wherein the optically encoded scales are optical gratings.



clainms, wherein a first part of the first measurenent nodule is
kinematically fixed 15 relative to the working point, and a second part of
the first nmeasurenment module is kinemat8tally fixed relative to at |east a
part of the internediate conponent. 13. A position neasurenent system as
claimed in any one of the preceding clains, wherein a first part of the

second nmeasypenept l el | l,cal L xed rel ati to th
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wor ki ng space. 30 15. "The nultiple axis positioning device as clfainmed in
clai m 14, wdisedion af ike grasiepandratiepst &0 d@Niaentacy sensay capable dianeasyring

carr| age SUBRBEERRI BaHAE1d helifHB o hOBiaRaF Sibgge carrving the vorking

point, the ga beam bei ng t ernedl ate 9 conponent, the first
actuat or being operable to nove the carriage and the working point
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to the s novenent of the carriage and working point relative to the gantry
beam 16. The nultiple axis positioning device as clainmed in claiml1l5,
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bei ng substantially perpendicular. 17. The nultiple axis positioning device

as cl ai med Kipematicaly fixed relativg tmaﬂ;e,asté part of the intermediate component.

13. A position measurement system as claimed in any one of the preceding

claims, wherein a first part of the second measurement module is kinematically
20 fixed relative to the intermediate component, and a second part of the second

measurement module is kinematically fixed relative to the working space.

14. A multiple axis positioning device including the position measurement
system as claimed in any one of the preceding claims, and including at least first
25 and second motion actuators connected in a kinematically sequential chain, and
operable to position the working point in the working space, the first actuator
moving the working point refative to the intermediate component and the second
actuator moving the intermediate component relative to the working space.

30 15, The multiple axis positioning device as claimed in claim 14, wherein the
positioning device is a gantry table having a carriage supported by a gantry beam,
the carriage carrying the working point, the gantry beam being the intermediate



wherein the gantry table is an XY positioning table having a T-shaped 15
configuration, the carriage noving along the gantry beamin an X axis
direction and the beam bei ng supported®t one end for novenent over the
table along a Y axis track, the X and Y axes being substantially

per pendi cul ar. 18. A nethod of determning the position of a working point
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rel ative toYaxsd tradkspthetX ahd Yiexes beimgreetshtallygseipatidiar. t he second set of
di spl acenents is of a second part of the 5 internedi ate conponent relative

to the working space, the nethod including neasuring a third set of

di spl acemenys, of TR enitiplé taxRApdsitidnind Belibé &l B ginfidein SIBMPOBEH clafh afig, ve t o
the second part of the internediate C(P)&ponent, the third set of measured
r

di spl acemenwbereit| hgi ggnty r Ablg ii§epy Postipeinp a i@ nhaving aat hish@red i near
degr ee f&gﬁf@g o b e r cb(ym | ' i he
first i gg and secgarfg?j’ ?‘héee?iﬁlig?g%%o?forgégggred rg?jggﬁ‘ag-le%ré% ggglés"?eimr)\'il udi ng
rel ati vel y and the beam being supported at one end for movement over the table along a

Y axis track, the X and Y axes being substantially perpendicular.

18. A method of determining the position of a working point relative to a working

20 space, including measuring a first set of displacements of the working point
reiative to an intermediate component, the first set of measured displacements
including a relatively large displacement in a first linear degree of freedom and
relatively small displacements in at least two of the five degrees of freedom other
than the first, measuring a second set of displacements of the intermediate

25 component relative to the working space, the second set of measured
displacements including a relatively large displacement in a second linear degree
of freedom, the second degree of freedom being different from the first, the second
set of measured displacements also including relatively small displacements in at
least two of the five degrees of freedom other than the second, and determining

30 the position of the working point relative to the working space from the
displacements of the first and second sets.



smal | di splacenments in at |east two of the five degrees of freedom other
than the third. 20. A nethod of determ ning the position of a working
point as claimed in claim 15 18 or cl-adlm 19, wherein the displacenents are
measured in orthogonal directions using optically encoded scal es and
optical reading heads. 21. A nethod of deternining t he position of a

wor ki ng p0| as cI d.i,n claim, 20, |n t opt i cal encoded scal es
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being the internediate conponent, and operating the first actuator to nove
the carriagtifhd the working point relative to the gantry beam and
operating the second actuator to nove the gantry beamrelative to the
wor ki ng space to position the working point to in the working space.

20. A method of determining the position of a working point as claimed in claim

15 18 or claim 19, wherein the displacements are measured in orthogonal directions
using optically encoded scales and optical reading heads.

21. A method of determining the position of a working point as claimed in claim
20, wherein the opticalty encoded scales are manufactured on substrates having a
20  substantially zero coefficient of thermal expansion.

22. A method of determining the position of a working point as claimed in claim
20 or claim 21, wherein the optically encoded scales are manufactured on
substrates having a high thermal conductivity.

25
23. A method of determining the position of a working point as claimed in any
one of claims 20 to 22, wherein the optically encoded scales are optical gratings.

24. A method of positioning a working point in a working space, including the
30 method of determining the position of the working point as claimed in any one of
claims 18 to 23, and including moving the working point by least first and second

motion actuators connected in a kinematically sequential chain, the first actuator



26. A netho

the beamis
novi ng the

nmovi ng the

X and Y axe
posi tioni ng
or clain126
beamis sup
the carriag
gantry bea
per pendi cul

5

10

15

20

d of positioning a working point in a working space as cl ai ned
in claim?25, wherein the gantry table has an H shaped configuration and

supported at each end for-aMovenent over the table, including

carriage 15 along the gantry beamin an X axis direction,

and

gantry beam along two substantially parallel Y axis tracks,

s bei ng substanti all endi cular. 27. A nethod of
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claim 24, including using a gantry table having a carriage supported by a gantry
beam, the carriage carrying the working point, and the gantry beam being the
intermediate component, and operating the first actuator to move the carriage and
the working point relative to the gantry beam and operating the second actuator to
move the gantry beam relative to the working space to position the working point
in the working space.

26. A method of positioning a working point in a working space as claimed in
claim 25, wherein the gantry table has an H-shaped configuration and the beam is
supported at each end for movement over the table, including moving the carriage
along the gantry beam in an X axis direction, and moving the gantry beam along
two substantially parallel Y axis tracks, the X and Y axes being substantially
perpendicular.

27. A method of positioning a working point in a working space as claimed in
claim 25 or claim 26, wherein the gantry table has an T-shaped configuration and
the beam is supported at one end for movement over the table, including moving
the carriage along the gantry beam in an X axis direction, and moving the gantry
beam along a Y axis track, the X and Y axes being substantially perpendicular.
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