-1- DETERM NATI ON OF A MOVABLE GANTRY POSI TI ON | NCLUDI NG A DUAL MEASURENMENT
MODULE FIELD OF INVENTION 5 The invention relates to novable gantry systens
and in particular to the accurate determi-nation of the position of a device
carried on such a gantry system The device position may be in a two

di nensi onal pl ane or a three dlnen5|onal BACKGROUND 10 The I nvention
has appl i cat iBE INAJHON QF, AMOVAE T} ADHAL
substantial ly perpendlcular e Pt | on stages Such syst ens
have application in die placenent nachlnes waf er i nspecti on machi nes and
co-ordinate neasuring nachines, and to accurate positioning systens
requiring fréﬂEhBéﬂéﬂgvﬁNTKH‘a substantial |y stationary working area.

Ref erences herein to gantry systens are to be understood as including

mul ti-axis positioning systens whereby a device is required to be

accur at el y pddietinggrdioni ralates towbowbie gshion aystemsrandon r@rtidwa;etodlneraneiraneal

space. In at C orted
by a carri agd‘é?rﬁf?rﬁ]atfo\é\oorﬁbgﬁ:[bﬁugﬂ fgg%\%% ﬁ%lar?é;ﬁ gu#¢§s€ﬁgﬂy %c |on al'ong a
gantry beam dErieegmsition nieare insa twovdibleasivaalkplamndr & thred dimersisat spate.
direction which is typically perpendicular to the first direction. The
gantry beamis typically supported at both ends by a pair of carriages. If
novenment in tBACKGROWNDI ons is required, the device is novably supported on
t he 25 carrlage so that the device is rmveable in athird direction which is
typi cal | y!° perpendicular to both the first and second directions. The three

directions arge yentionl has asgiibagsmel hig. 50@&(@&5! gEMW pasitiGany epétemiaaving
positioning systens include gantries of a H shaped 30 confi gurat I on.

In these pos|Sculbéﬁ‘inﬁﬁ'k?%’?@ﬂ%'c”’ﬂ’éaﬁﬂﬁ%éﬁpk?% rF‘PF@”)@i%?%n@”FE sypieptohaNed by
mount i ng mechipgedRAdA BEpROShEMIPa AT QG GRgRE b rdchRediahll 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



-2- each of the X and Y actuators. The layout is sinple to inplenment and the
servo control architecture is straightforward. Figure 1 shows a plan view
of such a system being a gantry system-#th an H s shaped configuration.
One application is an Surface Munt Technol ogy (SMI) placenment nachi ne. The
gantry systemcontrols the positioning of devices 18 over a working area

19, for example,.t t a SIMT . i T i are
mount od on ano" SIS don e & dilhist By B G mofkerd BhAE saRel S
di rection al aogtrainar¥higgehireys beaightiBwaithe ends of the X gantry beam are

nounted on respective Y actuator carriages 11, 12 to provide for novenent

of the X beamin a Y direction. Respective sensors in the Y actuator

carri ages 11,Fiditear showed plan dieonsuch & Restfmpdeing ®ganfry shsted higaan 18 and
the X carriage 14 frﬁgm reslg)(egcé{%l ve nmachi ne- reagg_?l € posi tjll;gn- encoded scal es
15, 16. A5 s SP@R&®HCONHayralo & PRBCatan s apselTacs Meveh Feenolagy GoMbsiti on

of the X carrjiagenert' AR HANEBCIHGantRAdPER Btidld e BHORSIREY BF deficdd 1hi ch
is fixed to the X gantry 13. The di'sadvant a?e of such stemis the | ack
ra

: as
of informati cyeba wWkiag iarea 12 fploexamp® thensubistrategsuniase oha SNhdevieser al |
positioning accuracy. Such errors occur in both axes and can include tilts
and deviations fromstrai ghtness. Wiile parasitic errors can be conpensated
for to a cert@iendeyicemt!8 fawy mocaigsd enbyn ah achaitarecarriage ilér alhercaragecisss

such as vglu r] [ - I Of Syt t g ' t]
exanpl e dﬁ’e trFﬁ&ch??\%[FF %ﬁ)mlglrer?éﬁgiagaﬁgl 5?%5@&8%%5@1 gg ﬁ- rrf\grérras dJe %rxf n@%qt%s I n
t he 25 gant r ybeayrstaren mounted compspaative . Y Taxtudtoe gaiages dfl, Ne- talprdvigd ifom has

to be deternined fro h evel. of curacy.regui.red, as well ags fromthe
Stabi 1ty of MREMEHATARKAET n gy AEHIEC REGHLIE Bandils g Parstide
performed perdapeigeal 11y ,12n18-usedtd Eeteding the IYOESsitidnodf the Xnipdaen Na@dthe X
non-r epeat abl e erro?rlfﬁ_i n the mechani cal | emai n. These errors

system wll r
bose |1 mits (GRS 14 Ham eSPerNEIMBRUTe [RAHPRIS RRSUROCNCABFA EHPRURDIG M ¢ h
the syst ey degpsbbRtthaboksridyk N4 igfLREas Yetd?minicddiesX bosition of the X carriage

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 finai 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.



-3- It is technically possible to freeze a two di nensional neasurenment grid
with an absolute accuracy of mcronetre | evel over an area of sone 400 nm x
400 mm |f desired, further inprovenents3ecould be nade by error mapping to
achi eve nanonetre accuracies. Such a two di nensional grid can be nade
alnost totally 5 tenperature independent by using zero expansion gl ass

substrates. anples. o sui.tabl e materials.include Zerodur or ultra | ow
Chermal exparl FoPRAIElY 2PSbRRp Trokte N0 HBPR BT T e e el B on
(CTE) of k00.0a’mamnI lte?uahaa;qfrrgd:nlﬂﬁeM|eaammahar@ sffc&ner:]aoohanmmed Iat th he
mean working | eve or, 1o absolute error mapping of the gantry system The
process is fa%Si§fd fufiﬂﬂeéct"?pfaﬁ%f“e'étﬁaﬁ?lé@ l?eeﬂﬁ%heeg’ynﬁggﬁr@%%?gf@r gF"H"E')Y‘?)ved
accuracy w t highomndtRagenaidies. Subkfar RdimenwidhaihgideanBk bl apnds Sotally
negligible effect on the dinensional stability of the nmechatronic system

1s Figure 2 siebipsralire-nderendest PoysHd Zefe Cpansion @iges sthsates gexamalesof h t he
addi tion_ of ﬁﬂtgﬁ%pﬁ@fgri'aﬁt RENid8 | ZR6H BT dr it 1N BB adbkBifislon ﬁgfééilﬁ{ gUh.@)gant ry

system The gri Is placed wth sufficient flatness and paral mto the
wor ki ng ar ea Wih agokticientipf theemal exparsion (O )efd<0t02epinnst ant aneous X and Y
positions of the gantry. However, this reading if the XY position is nade
at the level of the grid 21 which is 20 displaced in a vertical direction
above the wor 8uctyaagridaf afsapprairiaté\bize canberemploged apthpirhedn aockinglevelobr t he
gantry beam agg X

carriage have, 1o be kept towmithin reasgnable. |evels, or
conpensat 0 f S.Oll"ltﬁtfr%ﬁrgapé}”?%?fsﬁwf’a%% %anﬁﬂﬁ HRCPHY '33*35%%"@ ﬁﬁeﬁea'qusti e
pi tch and rol bnabiés epeateg nehsuremehh o amprFivedehadiriey tatrin f4 afeateiaiience
surface which conveniently, can be the grid 21 already provided for naking
i 5 eliert o 1

XY, measur enenti@eamg: i wiioh” ierpeal sharde dnst eeqlivine diraensiond r ed

and di nmensi ONgabHit)TIeS medHSrdrfic iémrl effects can be readily measured and
corrected, at least to sone extent. In effect, the gantry no |longer relies

on the quality of its guiding systembut 30 rather on those of the

measur enenf SptRD sHONE YR enaldibvhtidH BF 819 Gty syStehd 6 Bigure 1 with the addition
of an appropriately sized grid 21 placed 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 calibration is required and dimensional changes
due to thermal 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.



fromthe di sadvantage of poor visibility of, and accessibility to, the
working area 19 which is covered by the 'overhead' two di nensional grid 21.
-4- SUMVARY OF INVENTION It is an object-4of the present invention to provide
a nmet hod and apparatus which 5 determnes the relative position of a
novabl e device with respect to an environnent in which the device is noved,
or at least to determne 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 sBUMMAREOFE INMENTION neasurenent o systemfor determ ning the
position of a working point relative to a working space, the position
nmeasurenment systemincluding at | east first and second neasurenent nodul es,

the first neas;srmnfectrmmbmrbﬁemmmﬂﬁ:bk@pﬁj‘wdv 8\rheéthog ame afppa it Whichof a
first set of displacenents of the workl pm\ﬁ% relative to an internedi ate

conmponent 5 t KISIRgS JBE EHatyga AFEN d? i Sdevira (Mthhdespach it iael y

large is di spiRfEEMNRBAE ihWhicH thesdeviden€ fHovE® BreR 1ddst td §adarnarthdsfiohtwrl ¥
smal | displacenents in at |east two of the five degrees of freedom ot her

than the firdedugingtheefests Of@Mfé%ﬁEOWﬁi@mP@hB@F'ﬁ@aﬁaﬁkﬁﬂ YL provi di ng
measurenents of a second set of displacenents of the internmedi ate conponent
relative to the working space, the second set of measured displacenents

i ncl udi ng a rlplone asnept the gweamcgprrmebﬁehtoadw said 40 hecarppsitiongneasusement of

freedom W f t he
second seE @%ﬁﬁrﬁ%ﬁ%ﬁﬁ%%&nén S a oﬁlg?\kq-li%&EF@qat'IVatt??e\%&%ng %fce,

di spl acerrent she positioh ewssutemend Bysthm iﬁtlumngqgreae’sﬁmf ara eemimdnneamremham t he
second. 25 Preferabl t he positiaon ur enent stem udes a fur

reaour cment | THRGHIES e Also meBSRtanielt AR EEPE FondE RER it B Sy feppls

di spl acenment gif a kg sétrﬁfemgmdcahawtscnfmeamkmglmhwmlétﬁ;etimeamnﬂerrﬁednatéace in
t he second degree of a, location g%fs?t erp |cularlyto

Lot oo ae” Grinanahb e TEsh tieo! NEasHed AamAceREn welarae e

second nmogil egisplacement 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 also 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.



30 Preferably, the further neasurenent includes redundant displacenent

i nformation which is used for self-calibration of the position neasurenent
system -5- Optionally, the working spaeé-is 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 measurenent systemincludes at |east a third neasurenent

modul e, the QytibHallyTBAS UvEKRIY sPRAIE abBirdd frdBadbifal OfoiheY ikl Mgkt set of
measurenents of a third set of displacenents of the first part of the

i nt er medi at e dispiaseMeRts sephtheyworking Raint selatvedtoparfirsopart 196 the irtermeedialee
conmponent, t | ' er S i ' tively
| ar ge di spl alggrr?%)ﬁbé'ﬁhstggt %%?cjd%?%%{e?r* ggggggﬁm'gﬁfs-]ﬁ@;gdgm%{:@ {I%fé’?gﬂggr ee of
f r eedom béi nintelimediatencomponenthaelative t toarthe s swokag  space. t And dtheetpasition

nmeasured di s I | ' ' t &l N at
| east two of W’E%& |verﬁd gsieggslﬁg H%%gtlj%%]ltﬁ lktlﬁe{r(raI %’I’he?%e eﬁﬁﬁéﬂ'ﬁg[@% third
Preferably, ewassurerasnirontduie beingutapabienet progidify mepsurenieintsyobd thirst setadfl y
encoded scalg | Wraki opt Leal J: gﬁﬁﬁi& l.es,.and
heads of eacr?%%rlf%%&]ezﬂésrogvtﬁéiﬁnrét ?Jfﬁtrat ﬁ'tézltiﬁs\eﬁr"gémn s'élgf e &”@gﬁ?@gﬁéﬁt?@as
measur enent s setond nparenehttak ditephedizee componemy t thegdnied sitr exdt measuredO

Preferably, the optically encode cales are pre-calibrated.to an absqgl ute
o ¢ hogonal? gRpiacsmsr i bl e A gSiafief Bes CBnBisaARL it Burbisdn BRafetdr o
on a substr atieeliam e third Helrdcaot freddoyh BEing diffeedftifRinetie Wkt ddtbseddnd, the
expansion. 25 Alternatively, the optically encoded scales are manufactured
oy a subst r at¥rhaeh Wd“e%s%%/%ﬁ‘spﬁéﬁ%éﬂtsc@ﬁ qRyding (elatyieys dpalbfigplacgments
optically engRdedasiiods i fvediiédrédd offfddoRfsther than the third.

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
modute providing the measurements of the displacements as measurements of
incremental disptacements in orthogona! directions.

20 Preferably, the optically encoded scales are pre-calibrated to an absolute
orthogonal 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



30 Preferably, each neasurenent 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 theél-ongitudinal direction, the planar
si de being substantially perpendicular to the plane of the grating, the
nodul e al so including at | east one optical reading head capabl e of

measuri ng di spl ace in.the longitudipal direction of the grati and at
| east one noﬁ”%ﬁ'ﬁ"ﬁlﬁ’ pi%(}% sagjﬂ@ '@? digectionr theplanafision B%‘B%HP%ta?t@%&t i ve
to the plane pef dnBRukr 39 ke Pl ofthefRamiy, Xhe Hzﬂu@arssqm@&h?%@w ohg @
capacitive, uctive or optical sensor. Preferably, firs art of the

first measur @ﬁﬁ‘l‘fﬁ’ f@éﬁlﬁ'lehﬁgd NECEEC PE@FQ%U\"“Q(&!ISPWQ?”MF%UPv@et ngitedio®r ki ng
point, and ay ﬁ@EﬁH?\dofptf\égrﬂn e &t' IE?& _ §E§ SERELH t?ar?gﬁle é’f'rﬂ@é@fnpgal l'y
the inter iate co

fixed relative to at part onent. Preférably,
a first pdrt disblacementcwialivada e plars of thedlanar sisleki nematical ly fi xed
relative to the internedi ate conponent, and a second part of the second is
measurenent nodule is kinematically fixed relative to the working space. In
a second aspdtreferabdy,ithe som-contantsenser israccapagitiva.iinduative or aptingl séqdoe. axi s

posi tioning device including the position neasurenent systemof the first
aspect of the invention, with or without the preferences, options and
alternatives F’mefeeabiﬁOa eftvstvgartaofdthienﬁﬂsudinaragumméreasbdtﬁléristkmmda&mﬂprfd(edot i on

actuators con t C ue | .chain and operaple to
P05t £1 on Phe TBHYE RhBAToRNR RO peschg REiRraRe it Mels ek IR oo i ng
the wor ki ng Raigniaticallyaftederetativé ieat leaster pertibfahe irteraivs icompdnédte second
actuator noving the internediate conponent relative to the working space.

25 Preferably, the positioning device is a gantry table having a carri age

supported by prgs e@ﬁﬂ%ré/ fike At 6MPeCRICbhd SR asafenenl Inddife \rpklheﬁﬂu@énynﬁ»edt he
gantry beam bei n I nt ermedi ate conponent, the first actuator "being

operable to rfgl@quﬁg ther rintggeediate component, and a second part of the second
15 measurement module is kinematically fixed relative to the working space.

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 alternatives 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

L component relative to the working space.

25
Preferably, the positioning device is a gantry {able 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 fo position the
working point in the working space, and the movement of the gantry beam being



and the working point relative to the gantry beam and the second act uat or
being 30 operable to nove gantry beamrel ative to the working space to
position the working point in the worki+W)3- space, and the novenent of the
gantry beam being -7- not parallel to the novenent of the carriage and
wor ki ng point relative to the gantry beam Preferably, the gantry table is

an XY positionin avi ng an Hshaped. s configuration the carri age
oves bohg TR Hace o HBa IRt LCAT Ak, BPOWORIG PRk IRGe Bl Lod

at each end fginmyeafgnt over the table along two substantially parallel Y
axis tracks, and the X and Y axes are substantially perpendicular. io
Alternatively, the gantry table is an XY positioning table having a T-shaped

configurati Omre?égﬁb@arﬂﬁé ARryOMeR W %QXV“%QQ%WM A8RMhRingark AX%hiped

di rection, eamis supported at one end for Tovenent over the table
al ong a Y axicpnfigdrekion, the gatrisgexneneg ajonaiae gantry bgarinmni X pKig dyeetinmmdiecul ar .

5 10 a thirdaspegt SLisidvant Lo T RS MoURAIk Bl R RSn@, JBhROT

det er mi ni ng posi t1on of i ng point ive to a wor ki ng~space,

i ncl udi ng neasupstantjably parallst ‘é@msoftradk%parutélnmx |ardf Yt hxeswarei sipstasitially
relative to aw?rhg éur’[g'dl ate conponent, the first set of neasured

di spl acenent s ing a relatively large displacenent in a first |inear
degree of freedom and rel atlvel y smal | displacenents 20 in at |east two of
the five degr of freedo rthant f|r . e ring. a _second set of
di spl acemtht ‘gﬁmﬂ‘]"@lx nﬁ? %bl%dﬁ'p%hgﬁ{ RO&] 'QF'inge%?’Ee J‘ﬁlg'%? kf'ﬁgapi‘f)ace,
the second seéormbumaﬁmhectadiagelm@mmmg mecdamdyrmgam ihednaxX iaxelqrrebﬁclsrgme

di spl acenent in second I |§r}ear ](ee of freedo second s re?ac(ﬁf

freedom bei n@efﬂ'ﬂﬁ? ErRRarted, rﬁ”teh%n Qr YoVt Q¥eb P PG

di spl acenent Sar?dﬁ\‘é%ﬁndi'?’Cdxéglalﬁélsu@dté\ﬁtla‘ﬂ?bérp’éﬁ&bhlaﬁ'Sp' acements in at |east
two of the five degrees of freedomother than the second, and determ ning

the position of the working point relative to the working space fromthe

di spl acengnt s)0f tHifdCadpebBihedntbntih M4l &€ bfadly said to be a method of determining
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
dispiacement 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 aiso

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



Preferably, the working space is a three dinensional volune, the first set
of 30 displacenents is of the working point relative to a first part of the
intermedi ate conponent, the second set -@&- di spl acenents is of a second part
of the internediate conponent relative to the working space, the nethod
including -8- neasuring a third set of displacenents of the first part of

the intermediate .conpopent relatjve to the 0 art of the internediate
conponent, t H‘%ealst'P_%ngetB'rd pﬁetn‘éﬁgﬁPgﬁeﬁﬁngﬁ ngﬁ%:}ﬁ’gtpipﬁ& BhithRy "ét_eFrB?%{?ﬁevel y

| arge di spl aceRphehtYefutivBitd the sdodna pafted tieintdrmictris edmpbhent! thertHirdlsar ee of
freedom being different fromthe first 5 and second, the third set of

measur ed di spf Joeded digpiacements diciing Rafsiatvely laggm dispiacement dienthirdi n at

| east two of jhBer ddgrEe S EEEESM OthelthiP® HegeBdItieeiBAMhdifts diffefint donPiRI mERD! V.
t he di spl acenents dre neasured in orthogonal directions using 10 optically

encoded scal é@ndasrrongt ithalthirkaal 9f Mrasysed displageaienis atsreinsidingaralativelyc oded
scales are ”%Eﬁ%{lladﬁéﬁlé é’rﬂsw!aﬂeraéi%Pﬁtﬁ'enr&e?deegi?g&sbﬁfﬂéécmré %t lrtﬁ’an the

coefficient her'mal expansion. 15 Alternativ the optically encoded
scal es are ndhid.act ured 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 nethod of

posi ti oni ng Rrefanaidy ndheadisgplacementsnatel measpesx,in i odthaghina diteetioret hsithgof
determning th osition of a workin oint. of the third aspect of the

i nvent i on!® arfPIFAIY €FCAGY SHRIGT ﬂﬁQPR@“&b NSRS nt by |east first and second
notion actuators connected in a kinematically sequential chain, the first

actuat or novi ng,the workin oint relative 25 to_the interpediate conponent
and the secortIHiRRIn BF IPICANGEIREC SEaPS At MABUTACKHRR AR SLDSEASE Fadng @ ( he

wor ki ng spacesupEradtigiyakiry cobfigieAEsfAsmdlekpsiRfortisi Ng a gantry table having a
carriage supported by a gantry beam the carriage carrying the working

poi nt, and the gantry beam
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 inciuding

moving the working point by least first and second motion actuators connected in a

{ kinematically sequential chain, the first actuator moving the working point refative
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
carriage and the working point relative to the gantry beam and operating the



30 being the internmedi ate conponent, and operating the first actuator to
nove the carriage and the working point relative to the gantry beam and
operating the -9- second actuator to noveédthe gantry beamrel ative to the
wor ki ng space to position the working point in the working space.
Preferably, the gantry table has an H-shaped configuration and the beamis

5 supported at each end for v, t r th udin vi ng the
carriage al offg° ﬁécg’éﬁ‘%rrtﬁ "?Jée%ntﬁgﬁgg %H gcﬁeovy.or ’Qﬁc?pﬁg?/ﬁmﬁoﬁ'
gantry beam ahemrkihwoBNMQMdrBihgsspa@ataI I el Y axis tracks, the X and Y

axes being substantially perpendicular. io Alternatively, the gantry table
has an T-shaped configuration and the beamis supported at one end for

novenent overpichgabligblits danfry udblRgha®\unngi-$Hipedatdrifiddftionl HD thd dedanty y
beamin an X axis direction, and novi n%; the gantry beamalong a Y axis

track, the X wowaﬁégamﬁ%f%ﬁ%\fe&mﬁ é’l"?Slthﬁé?lﬂﬁn'ﬂP'é'anarmO\l@Q HecCarng@mt i on

nmay further bﬁoﬁg’“trﬂa bEntRPBSArRtin laR )@'&wsadlrte%ﬁé}ﬂtdn\demﬁﬁﬂg'tlﬁ@bbﬁ‘t’?‘y Béarﬁaélér'?g or
features nmentioned herei'n or shown in the acconpanyi ng draw ngs. Known

equi val ents oot a'e@éami@ﬂlmpasa"ﬁ ehtaxie acks. dhe af eandoll axgsr beispysubstardially ar e
nevert hel essﬁ&sg@[ﬁ 9, be included. -10- BRI EF DESCRI PTI ON OF DRAWNGS .
Preferred nodes an enbodl ments of the invention will now be described with
reference to the accorrpanyl ng draw ngs of which: 5 Figure 1 shows a

chomt i o' ometbftieBl i Pty Bble RS FabABed Bohiai M g itrTin
posi tioni ng deypoeedfat Bhglene fbr mon/hnﬁah'eo‘midhe itame ohcladmg/cmoxmﬁg theneendagenal
ari d_above NG oROHd BhiBSam i Y%t SRANEn SrRFRETRY e Bht Kai aRing

preferred pos
Y axis track, the X and Y axes being substantially 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 included.



according to the current invention, and is 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. DETA) LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS 20 It is to be appreciated that positioning systenms accordi ng
to the current invention nmay be inplenmented in various forns. The foll ow ng

enbodi nents are descri bed gl%/ way_ of exanple only. 25 Figure 3 shows a
.schematic pl BRIGFAEIERIPTIO @Fr‘ﬁ@‘ﬂ&ﬁﬁ oni ng device according to the
current invention. The positioning device has a gantry systemwi th an H

shaped configuration. The gantry system controls the position of devices 8
over a mrki%mg‘eaeéangdemnq“w@wwg o the dnvantian eull ypwa Re xdesetibed with

carriage 4. T&S{e?ﬁcg% méﬂg&oh@gsg@g%@é@nbgﬁwh%hm rection along an X gantry

beam 3. The gantry beamis ted at 1ts ends, for novenment in the Y
directions on two Y actuator -11- carriages 1, 2 which nove al ong tracks

al ong respective I J . Kj e sen Y1 and Y2 in
the Y carriages 1,9%8'%(3 Egﬁa@%%@%&&wg{@ﬁ&n%&w {)ﬂ%p@rp%g??si'on 'o(faé‘ﬂ%é’x carriage
4 from position-encoded machi ne-readable scales 5 and 6. A sensor X in the

X carriage 4 is ugsed tqQ determne. the osi.tion of the 5 X.carrigge froma
posi ti on-encoded Fﬂ?&‘ﬁ? %e'-sr%&&Eﬁﬁ“@"ggﬁﬁnge’%"ﬁhﬁ’%ﬁ?i% PoG 80 RAFILANNG REYSSt ry
beam 3. The Y1 and Y2 pgiag ese posifiofing deaite off Figard 1 wethcwdestdifia of¥awel e
with an optical grating, and are nmounted on respective sides of the working
area 9. TRese two o 4EWneONgHidghayede workinharedney remmin substantially
parallel in the Y direction under all working conditions and are fixed

rigidly at one point each, relative to the substrate holder 9, along the Y
diirecti on. The or Fissg®Fahewsagi sghepnadic Rlaryiew wb a preferred positioning 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 X direction 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 Y1 scale 5 itself, also has to be

mai nt ai ned. The vertical position (i.e. perpendicular to both X and Y) of
the optical gratings on the is Y, and Y213cal es shoul d 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 machine structure stability on the

final positioning ac a and arti.cularly the stability.between_the
wor k- pi ece ho‘f%@?q%esaﬁgé t\lﬁﬁdbg?ﬁvlﬁyﬁg?Q dr@tclﬁ? al&'ngza-:-sggﬁtnﬁeo?%#/sggl i}d%ﬁ PFT}“HBat ed
by mounti ng twerkingasrea @redénssys e and Yose the Yidaeriadesi 12 greoisedhte daterkiing

area, rather th on.the gantry structure itself. S IS nec ary since
The wor - ot e Ergfhisy e X Fridge Uit Pobtiot sboedell arfine eabTE et "V
scale 5 (on |®hhd % & semsdridginrtte X carfiage 8 WSt dataintine e RpYsRBnWiehet ri p
encoded with a first Igratin _for determ nations of di sigl acement _in

the Y
di rection,’ anl CAT@IESIHN SROBYOBIRNGAYRF MREAINg TS sea'a i WYCh S Thgdde ithfhed
per pendi cul aryyah@y bBgmfd rst, for determnation of displacenment in the X
direction. Thé conpound head enabl es: (a) neasurenent of a Y1 position
usi ng sensor head Y1, 30 (b) the X deviation of the beam 3 of the X gantry,

usi ng measur epEpnts r ; ' - 2= b | so
t he yaw devi at o;ﬁ Sbawl?sﬁcﬁgégsn%aééaﬁen%%p g{e? p%é%g%%éswd?%r %’“&gmﬁ‘ %g?bﬁﬁllcﬁg Y2
scal e 6 (on rgmlingsardkaienmBuyiedeoryespecivg gidas ofidhk woringarete9aTiest fvaxt i on

s measurenent_fr e 2 .rg[gg NAI cale, 5.1 s.used as
t he referg(ﬁces%cl)e%%,% P‘i’g&etﬁ hseO E\]ﬁ %%f g?ﬁ?'Ho CHe! t@@ g%’ﬁlﬂﬁla ef?‘g%tdé']r%%%éﬁ
descri bed, asunddrlallagorkiog conditiohsbndmre fixezl rigidly, at chlequdinttdaeh Zredative .to e The
position sensor

) r asyr epent, readi ng. hea Y1l and Y2 of baqth Y scal es
are mount ed o?‘l“t’tsﬂé‘%xhg@ﬁ'i lBy a@@ﬂﬁh%%?ﬁ@& nrreié%ro ﬂ?nﬂe%%@“%rﬂ(?)}n‘ﬁ?eﬁvq o 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 Y, 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.

f 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 Y,
30 (b) the X deviation of the beam 3 of the X gaptry, using measurements from
sensors X4 andfor X', and



hel d stable relative to the X scale 7, especially in the neasurenent
directions which are X, Y and Oz for the Y1 neasurenent and Y for the Y2
nmeasurenent. 15 A conpound readi ng head-Weth measurement 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 nmeasurenent
out puts X1', X2' C . SC r.atl trips,
in a manner siml g@qg%&ph%% ecf(;drﬂ\%gﬁvﬂ%tl@c%,?s@%ﬁgé%%r%@%ﬂ%ﬁﬂovﬁ_sg%ﬁgfm
sensors X1' and X2' ,ararX’'pl aced as far apart as possible. 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 nmeasurenent
coul d be maderrbepktrie 6r @nhhyht sRNini Figurer®ns ahly ndddeartslreviad al Ndireedn
calibration for orthogonality can be carried out. 25 Scale 6 gives, in
principl e,’ a MRRRWRMAL TRISEPIHE® Y2, but is incorporated as it can

provi de better resolution for yaw devi ation than the two sensors X1' and
X2', since the nmeasurenent sensors Y1l and Y2 are spaced further apart than
are sensors WE YaA@axgremens PoHY £t SGalT inHsebAs the ferpacy podnisorthe %Y be
used to for ; = i td i Ll - t -13-
ovever . 1 he SRS SN yRRrfhe WRFARRE. b QRITRTGHEE FRRIOTHE B, 1o,
in a gantry dbeut thg ZAalXisshaped configuration. In the case of an H shaped
configuration gantry, position information referred to the centreline of
each of tHe two Y actuators 1, 2, for exanple for conmmutation of |inear

act uat or not Ors pestibnbsersors ot medsarbrvntexidingp Bbadd, on dndoyy SflbdRd SGhled N
practice the extrapolation error incurred will be negli gi bl%lsmall for the

given cont extarB&eQHided oM. d ganky beam o ahtfFse Meagurgesihhiads onlsnegd terbe

conpound scalp|d skabldMEIBGS t&MhE X RealX 70aRpEYaReHMNE mEdsBrebtatt ifeBtiorkO
nounted as cl ose as possible to the position of interest at the end-effector

poi nt's which are X, Y and 6z for the Y1 measurement and Y for the Y- measurement.

15
A compound reading head with measurement sensors Xy’, X2’ and Y4, 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¢', X" and Yy. The
compound scale has two encoded grating strips, in a manner similar to the

20 compound scale 5 described above. The two sensors Xy and X', are placed as
far apart as possible. The two measurements X4 and X;', are required to measure
the yaw deviation, 8z. 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 Yy and Y, are spaced further apart than are
sensors X¢' 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. Munting
stability of the scale 7 relative to th&beamof the X gantry beam 3 is not
as inportant as the nounting stability relative to the neasurenent reading
heads Y1, Y2, through 15 which references to the Y scales are nade The

di nensi onal ability int ane, bet ween ,t he worki n p0| sych as a
o renst onal SN e B et S R RS A B h RSBk B ST
carriage 4, @adtry\/imolhgrsr m@hdped mmmmntlnm& BadeSofan Nkhapadl cdfigurational so
of great |nportance ne skilled in the

| db
art of quant i9¥iMhg p%@@ﬂe‘ﬁfoémaa% "BE?gaegl Hﬁéﬁ‘?rpegﬁléi%e?é’él %?}‘P?‘CB‘: dheri g &

system the agfiHta8y1,09, hﬁsé)@in?ﬁ)Ye fore aSrHmaraidhSef firtar ICATROE rRdra] B&Sl e OM
the X and Y1 sensors, nproved by correcting these basic

neasur enerit s Qﬁiquf@W%Wd%ﬂapﬁ’Pé@Grf@%ﬁﬁsa”d for lBxpidplice theeexsapniationesirer of
the relati VelINCLﬁoug |Iid§?“n§bllgﬂ 3 éS?I?%Ia d?v\ﬂe ﬁr\@ﬁ‘ &&ﬁeﬁ%%é%yﬁe }1-?%onng yi%

Y2 sensors atrve conpare asi c

measur enent s,angkeewid bgesmalt i ons can be significant when a position

determ nation at a high level of accuracy is required. Such deviations can
arise fromlinear displacenents x, y, z, and roll (9r), pitch (9y) and yaw
(9z) in the Fopimim'ricompoﬂnd Isealga?hisrmocrated ioatethesX gabtry deaamd Wihid sdaée is

fam i ar as t he ees 30.qf eedomin n_co-qrdi nat.e
Coatom - 5. "Beuled 8 s neyd t R RS o o Dr SR B e R BE PP B Feso
Cormoung Sen&ﬁrthe hegdesas mln e&ammgl teemf% adglagrﬁ ard Dﬂndjrlg mhmceﬁd t@othet he
conpoun sensor - al e as descr.i be ove .in relati the carriage
P E s o SricT Ve, o BEupaTat oF e Arn Srdhy £ INRUrI g satifle o fign oo
sensor - head/ salee7 BRI it thd BEa o tﬁe%@aﬁ@@%‘ééﬁn $niavet adiimpans® adtHehe Y
direction using the output of sensor Yl and " can al so track yam/and pitch

devi ati ons aIrBWtWEeSt?b%iW gelatbentp thee "Eﬁaﬁf-‘%ﬂt readingehgads) gns Yof therldhut s
from MEAsK epitn Péefencdd to tREY @da%szalre méde. "r‘ﬁéRﬁﬁbhé’Sﬁéﬂ statS:Mgitiﬁ‘?ﬁe xihe

mean of t olute deviations 1n X1', X2' gives the deviation from
plane between the working point, such as a placement head device 8, and the
measurement sensors mounted on the X carriage 4, and which provide

measurement outputs X, Y4 and Y7, is also of great importance.

20  As will be readily appreciated by one skilled in the art of quantifying 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 X¢', X2, Y¢, 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 (64}, 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-crdinate 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 also be used td4provide correspondi ng neasurenents
for the X-axis. The neasurenent system described is nmade substantially
thermally insensitive, thus providing |ong-termdinmensional stability, by

maki ng the s . | t.r ' L ass.._.In
cost-sensiti Sﬁbg%péjlgr&éﬁ %ﬁgm%tm”cl 'th&taﬁ%én%&EWQgﬁto%%r Q@@A Wgtse[glgor
accept abl e, theadpassan examelead dinrextersadnest the gbocdpd op thedeorepburdrsesgbsheat es
with a high thermal conductivity as_well imensi | stabilt e. g.
stabi | i sed a|)§ﬁ?‘ﬁiaarﬂ%8?rﬂ§d§t6"? '”rﬁezatfﬂ“gtﬁ tﬁ%&% age e F%/a'ﬁ& S
ensure that piteh deetationatFor imsedncehthesonipatint eensorsherdlsiatnghicw v Figurear m

al ong the scale | ength 20 Ead t hus ?r?elf%é:]re tes a rst order scallng error

, r

£
that can easi$d) BEARYRJEAYEHEPNCR IR &e %I"‘é‘nﬁfh? IRUERL G5 PRESE Y i Bt i on
of the subst r@realsbdrsdkayawBingSpitchh@eadtne - IBRY it &d agi¥ SiHAY tife difefSfiANCe an
absolute grid and requires no calibration in service, other than an
optional one-@Mationp AfytRigaifiesn measyrroenitRAIrs X sKarfit 41't &2'1'gppemdivel¥nhance
accuracy. |t ggddp MBQI?@W@%%&]Q% ddVatidRd!if X, A N GhveS GrE HRiatiby raRYe O
be based on optical gratings in both directions. For “exanple, in one

enbodi ment a $ifaighteessgrvahilenghe sneanpok de @bselulee dedigtions 54 25 ey thee, one
edge or side Whi ' IR 0 - ' ' eSS,

fl at ness, ”go @%Vé%inﬁ anrgila%%s%gggﬁ Q‘g%gkt a}r\ ggrt"ra?(r%gw gr%grr}@tg%g%/rg?é{g’eﬁ%cﬁd 1glt\ﬁeal ogue
proxi mty sensanssrs, ton abspdeplseddapaviidd e@responding messutamenis fardhe Xemsor s.
-15- In one preferred arrangenent the substrate has a planar side which is
pefr pendi cul ar to the plane of the grating. An optical reading head neasures
di spl acenent STk ergastieendrmngstendideadribgdat imadesdbstantizig themmedly ringercstiveact

FEORR Ut AN R RN IR N R A
descripti @n rgherioow Exgarkisi (ULE)igMesdamicost-gdrishiva dpplicioys fihathich the cost
of Zerodur may not be acceptable, the position encoding scales could be produced
on substrates with a high thermal conductivity as well as dimensional stabiiity (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 absclute

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 di nensional working space, it is entirely feasible
to apply 10 the same neasurenent concept to a position device with a three
di mensi onal working volune, for exanple-4%-in a co-ordinate neasurenent
machine. In such a case, nultiple neasurenent nodul es capabl e of neasuring
di spl acenents in up to all 6 degrees of freedomare required for each of
the X, Y and Z axes of the machine. This is because, with relatively large
wor ki ng strokes, the residual errors is in any degree of freedom of each
axis can no longes peférguorahngement ihessubsirdtenpasat &dplbhat didee wkials uisenent

system coul d al so be appljed to a.  linear. posjtioning devic | .e. a device
posi tioning é’e\rlﬁﬁﬁgfqlﬂbarptg’i wte Plﬁmﬁ ?Jntge %riahgisi 'ﬁaﬂpt'gﬂa@gamgoﬁ%#e ”?ecﬂﬁabeéi ng
descri bes t hejigpncednts aiong! thdilorgitntiebegratitdg fapt g 1édst lopefnon-Aritsadtalehesrs and

nodi fications as will be obvious top those skilled in the art are intended
to be incdr pdfPaEXamps 1A ﬁa??%t"’@cdﬂﬁﬁjcﬁ\é‘? QbPPHEA! FENEe ANEFPUrSR JISRIECEMEAISy i ng

claims. -16- rgafNédp the pfarestigldrfn sieasur enent system for determning the
position of a working point (8) relative to a working space (9), the

positi on neasurenent system 5 including at |east first and second

measur enent RRMLES tnd Aol 'RscARRALERIED dTBEUiShIG H8VicE ARTP a%aRlenP g di Ng
measurenents of a first set of displacenents of the working pol relative
to an inter nedirking pbanep baea twe Simensienal wosking spaass it isreatrelycdfdasibledp apetyent s
including a r e [ epept ) LJat i.ne e of
freedom ald rt@% %‘%h&e%agg{aﬁg%ngi%gkg@eﬁgﬁt%& P &\% %tﬁ %ttﬁ'llegagb eﬂgﬁ[w §'/o of

t he five degnemkingfvofunes domexanipde as maa coloedihatesteasunamemtcoachime assuehant

nodul e bei ng capabl g Ff F@r ovi di ng ne uremartl)is Pf a seco{rjld Iset of, .
difspl acement £A5F THEPIS MEARYETRE MBS EHE0I%PLNCFRITY PRRAGEPRIRY" HPace,
the second sgtallcd degresrddredidan acerseired fidrcdaeti stgha X e ahtV2hyed af g
di spl acenent . o . . . .
machine. This is because, with relatively large working 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.



(Yi) 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 displacenents (Xi, X2) in at |east two of
the five degrees of freedomother than the second. 2. A position
measurenent systemas claimed in clainr#8-<including a further 20

nmeasur enent devi ce capabl e of providing a further nmeasurenent of the

di spl acene@LAIM® of the internedi ate conponent relative to the working
space in the second degree of freedom but at a | ocation offset

per pendi cul arl y to that degree of freedomfromthe | ocation of the

nmeasur eneny EEQP e kst em
as cl ai ned |n c aﬁé{s'g@ﬁv@lerel Qmeﬁ?gy%t;%m]gtr?r a?rteeﬁgmre é)rblogglﬁﬁggfg re un ant
di spl acenepoint nf8)r redativen tavha choikingi sspadcko(9)s dhé - pmtlmrh)rmmawrwﬁerttheyqjeml tion
measur enment tem .30 Siti o measur enent tem as c aimed in any
one_ ot 1 e mstueiagih deast s el weepRd anea REIoR Mpdiesahediret figsgrement

di mensi onamqy @Bs.ngt&fpablé 8t r%%rd.ﬁée meHsERbABRIZEST SfirsE s&f oftéﬂﬁ?l‘é%nlﬁ'eﬂ% i nt
relatlvetoa I rst “part of e I nternedi ate -17- conponent he second set
of di spl actmemarking pbird mdﬁimed tpaan iofermediate mmnpemtmﬁt 6)cdhpoficshtsatedfat i ve

t th k dt t t d | t
L hid e SRR e S BeRiding d BRI TR aRtbcema et Sca iy of
provi di ng nﬁééruasg%@ &t fbedorhhMard ré!ﬁhvél? s‘?n@ll 8&'th§ (Vﬁ , t\f*}*} ﬁ'étslba@ta”
of the intermedi ate

nmponent relative second part of
i nt er nedi atwo Mrtberﬁwatdegrees ohfreg¢dont oth‘errtbals mh@(ﬁrstdtr@lsawtbm@surmhem ng a

relatively | arge is | ace third |inear deqree freed
hird degr SIS Pellorabity ol Puibd mfRie BRI oha SEEGHG, Sehedt
third set gispiRamérss df'tﬁ@'|ﬁfé?ﬁﬁaﬁae3écﬁfﬁp¢ri‘éﬁt%ldﬂlgert©| thiel Weting ¥phte, the
di spl acenents ioin at least two of the five degrees of freedom other than
t he third. second set of measured displacements including a relatively large displacement
(Y4) in a second linear degree of freedom, the second degree of freedom being
15 different from the first, the second set of measured displacements also including
relatively small displacements (X4, Xz) 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 (Y2) 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 dimensional 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 nodule consists of a plurality of optically
encoded scales and a plurality of optiedl -readi ng heads, the scales and
heads of 15 each nodul e providing the neasurenents of the displacenents as
measurenents of incremental displacenents in orthogonal directions. 6. A
position nmeasurenent systemas clainmed in claim5, wherein the optically
encoded scebreponenrt, pthe- cicobdaset] afo displadesoénise iorafhagsesbndr part 20 the A

position neasurepent systemas clainmed ip claim.5 or claimé6, erein. the
optical ly @ﬁ%r Ccdf P miﬁ'@ﬁ‘é%t ?R eg‘eonwg;@%s??%‘fee A n'gga 'J_OSH"D”
subst anti aldensaRimestosidter Mludds bhaead! a csthRraneaBureffert: MRS thieOthird
measurenent systemas clained in any one of clains 5 to 7, wherein the

optical | y measdmmentamedule beingranedie oé providingsnpssurgmentaal eythird setgef

of ol ai T SePEcents, of e MRS, kol RS IMFRRIAY bbb tem Pltfh 1B Y °"
gratings. sdéndlOparft BPStHd OivtérAfsiMeMIdMPIfERMthe ahipd Meet | 6f ameastiedof

the preceding clains, wherein each measurenent nodul e includes an optically
encoded gr displagemeants linaludipg o relatingly arpedisglacementinda ithicd iliogavdegaree of

Girect  on, MEREOR: BElHE Sebikd drdrestibnT bR Pirores® s3MEing st Al E58pHeis e
of the gratHifgset! dfembBSed dibplacementilbrg intlubpesiclftively Smallchsplaeadens head
capabl e of neasuring displacenents in the longitudinal direction of the

grati nd0 antn aitlepstdwio ofitbe fyp-degheesef seedasn athgrdbpa the thighsuri ng
di spl acenents relative to the plane of the planar side. io 11. A position
measur enent systemas clainmed in claim 10, wherein the non- contact sensor

s a capachti veA positich iieasurenent Gystedeoclaimi@d id amsbhe wf theagtecedmigt
systemas clained in any one of the preceding . ) .

claims, wherein each measurement module consists of a plurality of optically

encoded scales and a plurality of optical 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 is relative to the working point, and a second part of
the first neasurenent nodule is KkinenmatiBeally 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 neasurenent nodule is kinematically 20 fixed relative to the

i nt er nedi al@. coAppesition naerkuerend sisiem @sotlaimed de cmdonaecisieepiesedimgdul e

is kinematically fixed relative to nKLn ace. A | pl Xi S
posi 11 oni ntioges weereie phan Aed e el ol 6 ontéoul fbode ot
any one of whith &xtees ichgitatimaly in ane diretiodionda slbskaethdving b sidd whish recond
notion actuators connected in a kinematically sequential chain, and operable

to positi odubstani@ivielaganivithe longituginalstinectign stheqdanamgideiheing substantally

second * acPRmesP s oginer ety o inbchraliBo. BischRERle bEoTRRRERTE ot RN ng
space. 30 @pticalneafifg iHda8 8Xpableosf trheasutthgl eidpiacarfiestsain@Be | IBngitadifal 4,
wherein the positioning device is a gantry table having a carriage

suppor t ed dijectionael thg grating andrat least orgyBoTAONjadi genker GapablaPfgBeaguringne
gantry bea@sﬁﬁ#@%%{@?&%ﬁfj@éf?ﬁ'&%gg%wihec@gﬂgpgi%: the first actuator being

operabl e t l'age € Working “point relative to the gantry

beam and the second actuator being operable to nove the gantry beam

relative to the working space to gosition t he working point in the working
B

space, 1and1ihe AoResiion megasureMgEhsYsieRramaRimed ioelaia i, wherewm theenen-
novenent o ' f ' | o the gantry beam 16.
The nul ti pF%ﬁtg?f g%@é?‘??o%ﬁ%&“@%bbggcﬁg @ﬁ%ét%\ggéﬁg%ﬁ ai m 15, wherein the
gantry table is an XY positioning table having an H shaped configuration,
the <carriage mgving . along the gantry beamin an X axis direction and, the

beam bei ng120 sfppetitier raeasdemesh $ypiam @, eipimed doanyt aeetefpihe Bressgingno
substanti a I | r At Y hqj; ﬁ,aﬁ]&j Iy
per pendi cuk@mgwhﬁﬂé arﬁlsﬁs;b)ﬁeéfatﬁfg?ﬁspto@i%tg Fe'oﬂ.ni ng tofgggg% ’gg’hc aléir%g In gﬁ aim
15 or g} ai relafive to the working point, and a second part of the first measurement module is

kinematically fixed relative to at least a 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 relative 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 at 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 nmethod of determ ni1ﬁg t he position of a working point
relative to a working 20 space, including nmeasuring a first set of

di spl aceneotrapofienthéhavbrskantyatani bring oplesable do nwoventhentarriage ianddhe ovarkingnt |,

he fi f 1 d_di i ncl udi Latively.l
il <pl acerrehont Friaffe Refie odeaP bASSTEE fhe prantbafialr et phetatye B iave
di spl ace”E(Hesgéﬁlryﬁbehﬁ\a@aﬂ\)@tooﬂhet\Dérkﬁrilg/@pé'é&t@@fﬁsiﬁbnﬁhé%ﬁ&m {B&iht it fhen the

first, measuring "a second set of displacenents of the internediate 25
conmponent wetking \space, ahd thermbvgmeph ot the lgantrycheamskeingfnateearalieldo the

di splacenents including a .relatively.large. displac nt_in.a second |inear
degree S of "‘PNSE&?&%O%?EC%’&'@S?%@"&'é’&?é&‘%?g'm 'éeé?jtgvrﬁatg:tﬁﬁ ac!l’itrfyf t fromthe
first, the second set of neasured displacenents also including relatively

smal | displ acenents in at |east two of the five degrees of freedom other
than the s#&Bond]harpuliiste pisnpegjticungrideviesiasi dairped tim<laior dbngvheseint the

relative to rking spgc I di C t f t i . an
second set ggﬁtggd%[n\gl?gf_s %n h@%&g&ﬁhé?@pl‘ﬁ rh?’%%t ﬁ?‘ﬂa@#’ﬁgng‘gﬁd&@ﬁ‘?rﬁ. tﬁ’&
poi nt as Cb@irian riwviﬁﬁaail@ngﬂrf’egaﬁw ekant iMCanl £tis dirspBEE ahd the eagebeing
di nrensi onal volunme, the first set of displacenents is of the working point
rel ati V& t8uppartedat ergh end farHeovemeprhevwrrdhe takisaieons: o substastialbhparaliel of

0,5 acertad ol SCAN YA Rk B L ATARRLE oD el Ve

di spl acenents of the first part of the internmediate conponent relative to

t he second gart of the internediate conpgnent, the third set of peasured
di spl acenehfs i hbeudHiigle: axisi pPsitianing) @eviee dsspREPeMdRClRIm 45t aF clpim 1®ear

degree of h L r gi.e fyrlor ' | fferent f RO
first io a%sgg@gmj% g?]rtéth{ h%rbﬁ?s{est eaor? Xngaggggghgﬁsgﬁggeniﬁ@a sgoéﬂrﬁéﬁdi ng
rel ati yel yconfiguration, the carriage moving along the gantry beam in an X axis direction

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
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 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 clainmed in claim 15 18 or claim19;2@herein the displacenments are
measured in orthogonal directions wusing optically encoded scal es and
optical reading heads. 21. A nethod of determ ning the position of a working
point as clained in claim 20, wherein the optically encoded scal es are
manuf act ur €@l onAsuettivdafeetémrining the Ritorbet amdrbihgypcziRtaB claérhéd én elaimof

th I .. . A t hod of det th
o nt s oFi RBGTSIA 1, NATKEg SHPce: & fr DS iBebrnanLolygHe. e frares s
scal es ar eg; g&ﬁ@nﬁi &4 oPthe SWAKINApEMt FaNtive 1B Aifpkt b@mﬂnecmmmdmbt y.

25 23. A net of determ ning thé position of a working point as clained in
any one oforopanerst, 2ihet csezgndwae# e:ifndtsw@czgmerttal isy Qin@o@eaoedapaﬁ af ethe

optical_gra 24. A et sitioning a work| po r ki ng
ahace. 3 noliTEateS CaBPRBBRb etV Cla it AT S35 dianmsmiaddndkifBong
poi nt as Ch@aﬁﬁﬂnﬂ{: Na BAKJOBEt @F dispRicBeh tof thé firdtd phfic biidhadint@mdtdatehe
wor ki ng point by Teast first and second notion act uat ors connected in a

ki nemat i caccbmpea@der@tatwe torthe second partrta‘tthamteaneﬂiaiez@ommnen'g theythibseti ng
poi nt relat ve to t ernedi ate, ¢ t,.a ec acGt V|ng
Phe | nt or neli R EUREREN e, IPLEPEY o FRURRY 1o, BEM R ok rbu

posi ti oni Nghearidred &f Feledbn, thé third lﬂég@escﬁﬁ\?@ecﬁﬁn HemdrBiferént frorfilthe fﬂrﬁ4

I ncl udi ng usi ng antry tabl'e having a carriage supported by a gantry

beam the 8ad rse&@agcéhethg seteowmsugecb@ilmlaceman halsgamdqdnn&aﬁiaméehyg t he

carriage anien epagrbenl HfTBa R iaPot 15 i RboRS 7 Aheddtn e kiR heng

t he secondtmefuator to nove the gantry beamrelative to the working space
to position the working point 10 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 optically 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 nethod of positioning a working point in a working space as clainmed in
claim25, wherein the gantry table has an H shaped configuration and the
beamis supported at each end for nove@#nrt over the table, including noving
the carriage is along the gantry beamin an X axis direction, and noving the
gantry beamalong two substantially parallel Y axis tracks, the X and Y
axes being substantially perpendicular. 27. A nethod of positioning a

wor ki ng pomavirighthe working gobpaetative tol theniotermediate componard and theasenang,

suppor tea d¢iaky e sfe NSRS DaREIRNTLERIE B i WiPposibeR " e

carriage along the gantry beamin an X axis direction, and noving the gantry

beam along a Y axis track, the X and Y axes being substantially )
per pendi cuR&r. A method of positioning a working point in a working space as claimed in

5 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

10 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

15 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
20 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.



