1 Active Manipulator FIELD OF INVENTION 5 The invention relates broadly to an active
manipulator, a passive rotational joint, and an active prismatic joint. BACKGROUND 10 Active
man@pulat‘orw%lgﬁ g&%lorie‘ntation movements for high-prgcision man.i%?}ggaqj{dj%@gec.ision
manipulation has applllca ion in a large number of technologies such as in imprinting operations. Other
examples include optics or laser-interferometer positioning in metrology systems, micro-scale handling
and packaging 15processes, and nano-scale manipulation in robotic-assisted surgical devices or high-
precision haptic devices etc. For example, in the field of nanoimprint lithography, conventional
optical lithography runs into technical limits wheh used to produce transistors and resistors of 20 sizes
below 45 nm due to the wavelength I@Wm%%{j’w effects of the photons. As such,
Step-and-Flash Imprint Lithography (SFIL) or Ultra-Violet nanoimprint lithography has recently become
a potential solution to replace conventional optical lithography. Unlike conventional nanoimprint
lithography, SFIL is a room-temperature and low pressure process that relies on chemical and
mechanicaISiepOOINIESTEIDNYh 25 resolution patterns from the templates (or molds) onto the
substrates. With a liquid etch barrier, SFIL can eliminate the high temperatures and imprinting forces,

which cause majgr technical issues in accurate overlaying of multiple layer ently, it is the
only nanoimprint?ﬁﬁé@‘?%%w 6?%&%%? gp}{o FRGCEES %ﬁ?ﬁ‘f” ae%bﬁ&%tsaé% tﬁfeag&%%%%’

has success
multi-layerane rrormtisenopsdabisiaitions. 30  In a SAL system, a fine-orientation stage is usually
driven by three high-resolution Piezoelectric (PZT) actuators to achieve active orientation motions
about the )ggé‘&, @,%the y-axis, By, and an active translational motion along the z-axis. PZT 2
actuators are solid-state transducers that are usually formed by naturally-occurring crystals such as
quarti?tourmaline and sodium potassium tartrate etc. When such a crystal is exposed to an electric

fied, it experiencgsan elais,Saln il GSeHRER0 hipdRIRESR O AEIRARGACCOrdiNg (0 the
field polarity. As the elementary cells of the crystal materia) are str,on%Iylbon gum%h(ra elastic strain
(physical cﬁﬁﬂ@@?j“?@’ué’t‘}%ﬂyW@?ﬂf%a@?%ﬁ%@nﬁ@ AEITPIRGU S0P whi R IBRGHR of Loomm only
produces aatvizmdingien sishlasemismrotis) one @O0y River) cRuYdeSIAIHES repliss LPZTehctuator with an
estimated lgngitifae apitiehisssia displaasnmeskihat isnelcdrdpariimy. ditestakagnch physical

const%%ints the PZT ggg:agors are u Iﬁ%%géezl%yg&%gggtg@go%ﬁé@p E%QHLEQ grfﬁpe/h_hundred

microniete §°(§ifes§psl%sCemenq Sﬁé,%?ss actuators limited to a few hundred micrometers, an
additional Z:GeRRGARIGSEXERRRAE micrometer resolutions, which is realized by a stepper motor and a
micro-resolution iine.ar ball- screw.

For aexample, in the field of nanoimprint lithography, conventional optical
lithography runs into technical iimits when used to produce transistors and resistors of
20  sizes below 45 nm due to the wavelength limitation and diffraction effects of the photons.
As such, Step-and-Flash Imprint Lithography (SFIL) or Ultra-Violet nanoimprin
lithography has recently become a potential soiution fc replace conventional optical
lithography. Unfike conventional nanoimprint lithography, SFIL is a room-temperature
and low pressure process that relies on chemical and mechanical steps to transfer high
25  resolution patterns from the templates (or molds) onto the substraies. With a liquid eich
barrier, SFIL can eliminate the high temperatures and imprinting forces, which cause
| major technical issues in accurate overlaying of multiple layers. Consequently, i is the
only nanoimprint lithography procass that has successfully demonstrated the mutti-layer-

intarconneciions fabrications.

30 "

_In a SFiL. system, a fine-orientation stage is usually driven'by three high-
resolution Piezoelsctric (PZT) actuators to achieve active orientation motions about the
x-axis, 8x, and the y-axis, By, and an active transtational motion aiong the z-axis. PZT



Therefore, there exists a need to provide an active manipulator to address one or more of the

problems mentioned above. SUMMARY In accorda{i'uce with uatggslt1 ﬁpa%ﬁtoggﬁprﬁ&resent invention,

R
there is groaaEd AsraibERifor 85BN & Mohile pTatform. & base platform; at least three active
limbs cosplegshatvesn dhertmobitenplagornd andidne b%igésb{ﬁtfé?*ﬁﬁa&u@#tﬁéﬁ“ﬁ?esﬁ%tﬁle platform is
moveable in at least one fransiatiopadandiwa-satatieaal diretionszindehitheceostsaisof the active

e .

limbs; each actlvgtﬁmb comprising: an active, prismatic joint.moveahle,i | rgnslational
directioH?%ﬁb@sﬁ%%ﬁ%ﬁBﬂSﬁ"]ﬁﬁ%% Cﬁ&égﬁrérzg}?a Lleéac é(%{g{@hcg]slrﬁ%v%gn}fﬁ% t%gegrqagbile platform in
said twotretatjematirstliors saprblbenstridhre @ icATE MY AR IREcoif 8 dne of the base
and the gaobile. platiorms is,via therpassivesfotatienal jeintirand t9erorrhiyopmeetsnao the other one of
the base and mobjle platforms.is tigid - i ri IC-lONt-Nay GRMRHBRIM Mmagnet structure
mou nted‘i@"t‘ﬁ‘@%ﬁlésé’ %fgwgrr?n?fa%% %%Cf(\a/ ﬁ?gﬁyn%% &?ﬁﬁ%@dﬁ&‘ m netic field of the magnet
structurrastmaidrersiuUrE Bp P Bt AR SVERbIE 8’83 5?10% the base platform. WO
2010/114488RGESG2AHMUAR0099 B2 T acThipmagnatsgicrire!niay Beseshfiiaréd ®r providing two
magnetic fields, and the moyaahle soil exdeads-brougtseacivef thenragaatisfieidssd  The
compliante Stilicture may comprise a pair o Iég ar sprin tstr letyr gtcgq%%g %WQ the base
platform ¥na@ re¥p SEHED gPEEIRY EfusF %e%? %a?ﬁ%é‘&ﬁj, Eagh linear spring structure may
comprise-sseloiddle, aaiipos medinedrbyparfiearee G&Hﬁléﬁérﬁpmﬂ‘ﬁﬁéw%rfiﬁﬁafngﬁj%omprise a set of
beam-baggrgvﬂexure 10joints. . The passive rotational joint may comprise flexure joints defining two

flexure axes extending substantially perpendicularly to each other across a body of the passive
rotational joint. 15The passive rotational joint may further comprise a set of compliant compound linear

springs for providiergirotalisriexfsyamat ISEER 2BREPE AR FaRSSTSITA difection.

more of the problems mentioned above.

SUMMARY

In accordance with a first aspect of the present invention, there is provided
a manipulator comprising: a mobile platform; a base platform; at least three
active limbs coupled between the mobile platform and the base platform such
that the mobile platform is moveable in at least one translational and two
rotational directions under the control of the active limbs; each active limb
comprising: an active prismatic joint moveable in said one translational directior;
a passive rotational joint for accommodating rotational movement of the mobile
platform in said two rotational directions; and wherein for each active limb, a first
connection to one of the base and the mobile platforms is via the passive
rotational joint, and a second connection to the other one of the base and mobile
platforms is rigid.

The active prismatic joint may comprise a magnet structure mounted {o
the base platform; a moveable coil extending through a magnetic field of the
magnet structure; a compliant structure coupled between the moveabie coil and
the base platform.



20The set of compliant compound linear springs may comprise a set of beam- based flexure joints.
The manipulator may further comprise a passive prismatic joint coupled between the active prismatic
joint and thevpassive rogational joint. 25 In accordance with a seconBEEHeBPMHEbresent
invention, there is provided a passive rotational joint comprising flexure joints defining two flexure axes
30extending substantially perpendicularly to each other across a body of the passive rotational joint. 4
The passive rotational joint may further comprise a set of compliant compound linear springs for
providing rotational movement about an axis pg\rallel to the translational direction. 5In accordance with
a third aspect of the present invention, there is’provided an active prismatic joint comprising a magnet
structure mounigg e s hase-plakforsysomovaigerebiferending wirguegnalim ARt feld of the magnet

structure; a compliant structure caupled betwegs the,Ragyeable coil and the base platform. 13The
magnet éﬂ%&ﬁ}%ﬁ}‘%f %%eeggﬂg%ﬁ?egéror providing two magnetic fields, and the moveable coil extends

through each of the magnetic fields. The compliant structure may comprise aggai of linear spring

structures couplag hetweent the daseTRatformPitereapetiveb PRIy ¥HE b e Foveable coil,

Each.linear spring stiucture:may corprisem<lopiieepenpouittidineesaiiingl. The double compound
linea? spring may comprises a set of beam-based flexure 20 BRIEF DESCRIPTION OF THE

DRAWINGS Embodiments of the invention will be better under }oodrasmr n&eadily apparent 25to
one of ordinary Skithifireie mmmmi@'w‘awm@*w&’&da%@&ﬁﬁﬁ}?ﬁ% Way ofF

The double compound finear spring may comprisz a sat of beam-based flexure

10 joints,

The passive rotational joint may comprise fizxure joints defining two flexurs axes |

axiending substantially parpendiculary o each othar across a body of the passive

rotational joint.

15 |
The passive rotational joint may further comprise a sat of compiian compound

finear springs for providing cotational movement about an axis parallel to the transiational

direction.

20 The sst of compliant compound linzar springs may comprise a set of besam-

basad flexure joints.

The maniﬁuiator may further csmpr‘sée a passive prismatic joint coupied beiwean

the aciive prismatic joint and the passive rotationatl joint.

in accordance with & sscond aspect of the prasent invention, thare is
provided a passive rotational joint comprising flexure joints defining two flexure axes

30 extsnding substaniially perpendicuiarly to sach other across a body of the pessive

rotational joint.



example only, and in conjunction with the drawings, in which: Figure 1 shows an example embodiment
of a 3 PPS FPM. 30Figure 2 shows an example embodiment of each limb of the 3-DOF 3PPS FPM.
Figure 3 shows taga¢iiig prismatic joint in the example embodiment Figurersshavsotieescompliant
spherical joint in the example embodiment. WO 2010/114488PCT/SG2010/000099 5 Figure 5a shows
a prototype of an example embodiment of the 3-DOF 3PU FPM. Figure 5b shows an example
embodiment of each limb of the 3-DOF 3PU FPM 5 Figure 6 is a graph showing laser
interferometer readings of the end-effector of the prototype at neutral position when the servo-control
of each active compliant prismatic joint is activéd‘ted. 10Figure 7 is a graph showing laser interferometer
readings of the emd-pasiorabibeapiotatype fulteer themproty petisimamigiaritedrtoawsie from neutral

D oA e o SR el e el and e aloten ad@ha .

Figure 8 slhow$ otoelectric autocollimator evaluating an orientation resolution 15 of the prototype
500 of the®BR&#Aple embodiment. Figure 9 is a graph showing laser interferometer readings of the
end effector a when the prototype is manipulated to move from neutral position to 2.5mm. 20Figures

102 agd 10b show 245 Kal0agplasssiontkeppiolypeahihpexampleerabodmentas it is

;nra Blc?clijl ﬁgﬁ;%%@%%%gﬁ%%?@@g&g% zaSrHe!BntQ ke ReRA At same Llemenisindifierent
movabie coil extending through a magnetic fieid of the magnet structure; a compiiant
structure coupled hetween the moveable coil and the hase platform.

10 The magnet structure may be configured for providing two magnetic fields, and
the moveabie coil extends through sach of the magnetic fislds.

The compliant structure may comprise a pair of linear spring structures coupled
batween the base. platform and respective opposing ends of the moveahle coil.
16
Each linear spring struciure may comprise a double compound linear spring.
The double compound linear spring may comprises & set of beam-based fiexure
joints.
20
BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will be better und»erstood and readily apparent
25  to ope of ordinary skill in the art from the foliowing writien description, by way of
axampie only, and in conjunciion with the drawings, in which:
Figure 1 shows an example smbodiment of a 3 PPS FPM.
30 Figure 2 shows an example embodiment of each limb of the 3-DOF 3PPS FPM.

Figure 3 shows the active prismatic jdin‘t in the example embodiment.

Figura 4 shows the compliant spherical joint in the exampie embodiment.



invention are the same and would therefore be similarly referenced with the same numeral.
Embodiments of the present invention relate to a nano-alignment manipulator 30 capable of large
displlacemer‘% aﬂqezﬂg&%atiops with panometri.c resplutions., An examplg ggﬁlpagi'g]g/%@g,;he_
manipulator IS based on 8 3-limbs prismatic-prismaticspherical parallel kinematics configuration. Each
limb is driven by a Lorentz-force actuating scheme that adopts a dual-magnet configuration to achieve
large continuous thrust force with small input current and a compact-sized design. WO
2010/114488PCI75G2010/000099 6 Embodiments of the present invention seek to provide a
6x-ey-Z manipulator of large workspaces with ranometric resolutions and large continuous output
force. The embodiments of the present invention seek to provide a compliant manipulator based on 5
the amalgamation of compliant bearings and an electromagnetic, diyin . e example
embodiments, b HEARL IR AR B0 RE ﬁ‘%ﬁ%%%% B%%a?igbés&t%eég%sgr the non-contact
actuation of a Lorentz-force actuation. A Dual-Magnet (DM) configuration is employed in the
embodiments ofﬁger@w@mm enfaRadhe SRRl e mpgRatRtfikitiwithin an
Electromagnetic Driving Module (EDM) so as to 10increase the current-force sensitivity and
subsesquently to achieve a larger force generation. In the embodiments of the present invention, a
3-limb PrismaticFiiseraifc 8 sFraicanpaie SepairERIaRSiRARACKER M) A FOH RIpFided to realize the
ex-9y-Z 1gamatanyang ofdhesadankageshef shehsembodiments wsitiy ciharatemkia@matics
confl_gurat([!)j ;Q&%&Q{?&a#?%yaﬁﬁ%\é‘?'d 'Fhe use of passive compliant reyolute‘ joints. This is becau‘sela
passive compliant revolute joint, which typically targets for larger displacements, requires a thin
slender design that is unsuitable for withstanding an imprinting force of 200N or more. In addition, such

a sletler desigriggufleXuiregairis Sovdon aveiteErtenmiPURAGIREhEERE- BRI etc, and
possessesROpkRifrxisheH e Shotehihisvibaiiartsbecpresisibsnoheheaotition Thei3wPPS

paralle-dnemafics configuation of embodiRE okihe iesggLmyantion uses compliant prismatic

joints, whiBl R BfEr more deterministic or precise motion. Through symmetrical design and parallel
configuration, embodiments of the present invention can possess higher off-axis 25 stiffness to
withstand the targigtee Snapsimting-fatcelstteneetcenibudimeyaisainthenprissdsion (RSRAre constructed

basegon g?%é%%%g%aé@ggm%m%ﬁ{m which can be classified as a three
Degrees-Ot-Freedom (DOF) 3PPS Flexure-Based Parallel-Kinematics Manipulator (FPM). 30Figure 1

shows an example embodiment of a 3 PPS FPM 200. As illustratedin F{gure 1, the 3-DOF 3PPS FPM
200 comprises of needde ativanbartianipe SepliatiRmsrety 282902ho0hs EatSEREE B a base

platform 23,2 4tsiRg serewsein hararampleentbe disnentarnt misiohed Z6msupporting a mobile platform
210 using screws in the example embodiment. Figure 2 shows an example embodiment of each limb

202 of the 7
20 Figures 10a and 10b show a 15 Kg-load placed on the prototype of the example

embodiment as it is manipulated.
DETAILED DESCRIPTION

25 lt is to be noted that some elements in different embodiments of the present

invention are the same and would thersfore be similarly referenced with the same

numeral.

Embodiments of the present invention ralate to & nano-afignment manipuiator

30 capable of large displacements and orientations with nanometric resolutions. An
example embodiment of the manipulator is based on & 3-limbs prismatic-prismatic-
spherical paraliel kineniétics configuration, Each limb is driven by a Lorentz-foree
actuating scheme that adopts & dual-magnet configuration 1o achieve large continpous

thrust force with small input current and a compact-sized design.



3-DOF 3PPS FPM 200. Each limb 202 comprises of an active compliant prismatic joint 204, a passive
compliant prismatic joint 206 and a passive compliant spherical joint 208. As shown in Figure 2, each
active compuﬁg&tzg{&? ﬁg’g joint 204 carries the passive compliant prismat'l;‘c' /gﬁz%%o%d@ center of the
actuating direction. A center 207 of a 5moving platform of the passive compliant prismatic joint 206
carries the passive compliant spherical joint 208. Returning to Figure 1, each limb 202a-c is
mounted on the base platform '212 with each limb 202a-c supporting respective edges 211a-c of the
mobile platform 210. 10 Each limb 202a-c is oriented such that they are each substantially
perpendicular to the base platform 212 and mdbile platform 210. More particularly, the respective
active compliant prismatic joints 204 of each limb 202a-c are attached to the base platform 212, and
the respective passive compliant spherical joints 208 of each imbeﬁo A5 ) to respective
edges 211a-c oEMRPHIBENE FidRRAIFSIS. MENton BRstiAS 8'8 (é\?vgt xéggi%?\ﬁé g@:ﬁigﬁ?‘?oint 204 in the
example emyeosimepdcdssvillhstratadshidigarki®re MAnNFEite e 3D BHPIPISSTPRE 200, each active
compliantpismaticdoiptR04 dskivaarBEDM 3o i arplrondigouatiarbd@:t dhe DM

Each N e R e By R e v an

oving air-core coll configuration 306 com rising an
air-core ceHaRUBectATOEIAT itrRATHRAEN BRI IPRIDA SORLLER Oﬂﬂgsaip%%*r’égéoﬁ 303 coils within
respective:gaps ofeach-paitzof paalieimdgnéb80Sarend 3088ions thedw-teedoiP33 extends
through the, pagnalic feldglibe MaRneHesiMens &AM Passinmrmentiheangiueheair-core coil 303
can result In translational 25 mov?meg{?hof tEEa £ irr-nc%ore %%ib%% 5%9&@?&3%{@9%&@6 magnet
structure SBENEN G CRABE {i5's W8l fihg brac St310 of the active prlsma{icjoint 204. As such, the
Loretiz-forcerastutitiomyesuiifsrie trensisvbment srireripilrd caFRes inieiRe 581y coupled
magnet stéggggégoam remains in place. The passive prismatic joint 206 (Figure 2) is coupled onto the
air-core coil 303 which allows for movements of the air-core coil 30 303 to be propagated towards the
mobile platform 210 (Figure 1), via the passive prismatic joint Og Figure Z%bmgnqir.-core coil 303 is

wound onto a cdil HBfIEMBeFRENR O PPBSHTEF NI 78 b o T ek atl

oving air-core cmf_configuration
306 and DidresictigBREion 204icakiraiosidsigiosigeticictsapiondas nisding KIF-&rdeoil is much
lighter.compared 192 rpoving madisewhichcemarisesabihe perganeatanaghetaaios WO

2010/114488PCT/SG2010/000099 8 addition, the i ' 4.ca enhapcethe output force
of each ESRATRYERRD | E’E%&Eﬁ%%aéﬁ ?gtgégel %eeﬁjg?a é%%ﬁﬁ%%%ﬂ%ﬁgggﬁly al@ﬁo corl%réibute to the

actuating $peedseAethpassivee tawesliegnt DRYQBISdRIFoH S04 YRIFENh 88 hdForte®GEneration
without inciegsingrtiessizeand theramesntaf dpighctiaeist. JhsetBDVFS0R Hathotiey &5linear

force-current Fﬂﬁ‘w%?}%?@?o?%‘oﬂ”BW%'F@_ % RRRAPREFRM 2R (Gigiyeed)dexperfemmia direct-force

control durlnB an fmprinting process. To retaijn the frictionless motion of t r -force
actuatton t'f"%‘%’t’ﬁ/é%(ﬁﬂﬁ?%’]t%ﬁ?ﬂ%’ff?ﬁir?tgzofﬁﬁaﬁ?g eeﬁgtma&%s g%sﬁ%%sl?nseﬁ??%rlﬁﬁgr%%mprises
compliant &fFfnesshahismsilinfee fbarpufdsencsmpaiatctives ¥088, 17ralREBemaltspring
structures 30fa.Rake GouRIRd heesnthehaseiniakaton 242s(Eigriza) piaratnguinting bracket 310,
and respectjve opposing ends 307a, b of t i ith the £oils. 3033 ¥y onto the coil
holder 307‘{"%}‘1%' fg)?{bgs{i%f 8ﬁedge§%r é?igﬁgré}%)%é%%ﬂ%ggjlg@vr%ﬁghciﬁg to be C%%Plpr to the linear spring

structures BEBE!sCUTR I FINAGBATS 9586 R BTN INL IR EIRSE 38 ,%g%sare coupled to
the tvpg linQasseEng GimiEsHese targstad imprinting force. Hence, embodiments of the present

invention are constructed based on the 3PPS parallel-kinematics configuration, which
can be classified as 2 three Degress-Of-Freedom (DOF) 3PPS Flexure-Based Paraliel-

Kinsmatics Manipulator (FPM).

30 Figure 1 shows an exampie embodiment of a 3 PPS FPM 200, As illustrated in
Figure 1, the 3-DOF 3PPS FPN 200 comprises of three identical partially-compliant
limbs 202z, 202b, 202¢ aftached to a base platform 212 using screws in the exampié
embodiment and attached for supporting a mobile piatform 210 using screws in the
example embodiment. Figure 2 shows an exampie embodiment of each iimb 202 of the



308a, b on each side of the EDM 302. The opposing ends 307a, b of the air-core coil 303 are
connected to the movable frames 312 of the linear spring structures 308a, b. When assembled, the
movable 20{,5 rg&l%ggésﬁuppqrt the passive compliant prismatic joint 2069@%5]1?(%5@@@ particular
the respective legs a, b (Figure 2). The movable frames 312 are connected to the respective legs
205a, b (Figure 2) of the passive compliant prismatic joint 206 (Figure 2), using screws. 25A rigid
frame 314 is connected to the bracket 310 and hence the base platform 212 (Figure 1). For achieving
nanometric resolutions over a few millimetres of travel of the air-core coil 303 with respect to the rigid
base platform 212 (Figure 1), each compliant mechanism 308a, b comprises a double compound

linear spring, 3t Lyith aarsohasedHimureiobvn 309s AsdlusiaiesimpfigupestdieiERM 302 is
embedded 30within a pair of symmetrical d e compound linear.spri [ansgpechanism 308a,
308D 10 1A GBI FOAAT B B B o A oﬁﬁ%{%ﬁ%@@ e A
three-degheesbbredt Giaumictorsstiopciivi aPamiage ereatin i AStoP* iR EtPRRE Rational
Conferencgapiiobaticamndidutomnation céSacrantenton@atfoiinali S A)cente 63 64 8, October 1991))
and in [9] (3 - Q0 ANEW: F70Qk &R MiGHopesitianiag systeradiaing
elect%maéﬁ\éﬁg 'ﬁ%@{}ﬁs@% glr?(%%r bearingsﬁﬁ Pre%i'sion Ezjgineering, vol. 24, pp. 24{31, 2000)).
However, @8l RbgAFR0aResfte joint runs into its elastic deformation limit when larger deflections
are required. In embodiments of the present invention, a compliant spherical joint is provided to

address the limitaions-af #heigorventasalipiementans redfiesdien joiatoksguretibrifusttates the

compliant spherical.joint 208 in the 0 Thi i ricg] joint 208
comprisesw(ﬂ‘ae%%‘nl'é?%n ﬁfﬁ/é’% Oj%m%%%v%}%c g&g\%éé’l iﬁ%ﬁ%ﬁ%ﬁﬁ&ﬁé x-axis, ex, and
the yl@xis EBSh itfe gB#RtE AP '8?1*&%%@?6?%@”%%%ﬁ&ﬁ%ﬂ“ﬁﬁ@’a?%rﬁ?fhﬁg%ﬁotb Brovide a rotation
motion abpdheaais? Qzadb imshieplatiopie 2hibbitimertitadnntipiapsrashier Kabijsint 402 is
substantially of:a hollow eyljagricabshana.anik divided.intadhtes mertions:A0Ra-iaisrehown in Figure

4, portion 403a comprises two surfaces facing the portion 403h. incline -y e and
convergin&ﬁﬁtc?%{jﬂa?(d?é%?ﬂi’eilﬁgis.‘ﬁgoggﬁg &SR%BCB? Mt Ségoaé 80&3%%‘6%? i?lgég/riﬁ%g 407a around

ol
the flexuresttinhetO6asspastithatdss PoracrPUDsaRPEDAFEITHe 20 portion 403b via the flexure joint
405a¢SSimilarly, portion 403c comprises two surfaces facing the portion 403D, inclined to the x-y plane
and converging injg 2 e e oL 4iac. HERQUINLA98P prawdasAgoLaRaniig ppening 407c

e

around the fiexurejoint 4B5¢, such t 1at the portion 403c is coupled to the Qortion 403b, via the flexure
joint 405c.“|H9FFPée€>éarﬁ‘|SI€%ﬁnB?)d‘ﬂ"f‘f@?fﬂ!%rtgﬁéﬁ%ﬁﬁgﬁgﬁﬁy‘jgﬂﬁs@go‘%g, e esponding
flexure 25 jeisth408pir (Be dn érach diaraetAEaNy3eppdtite Sife ehflearmbiowddylifePhb3a-c is also
provided. It witl be.appseriatee: acRREse: oHqrdastberat that enshrarirmbdiexsregsints on

diametrically opposite sides lie.on an axis of rotation. For example,. f Jaints 4 nd 408a lie on
an a8 of %‘&Eg bgff&g M\R/%El ﬁslﬁ%rﬁsrtéuiﬁgw alfg?l_ggua}en}%lh %Bé%%%%l‘%égﬁgﬁg%%ﬁn axis of
rotation, edPEsehoisNdERigaRe®) cTh BRResitre Wiindbe Y By iuraisindtantani Berpendicular to
each othernReiatiorscahaoBtbsix-axisn Cyspéasivehgapn bi Bighreait)cdinesthtrefurengtddived for by the

flexure joint 8 Jch joi | i 100 #4636+ SiHrdyegotations about
the y-axis, éﬁﬁ ?ggu éﬁ%w%eﬂ%ﬁegzghg?g Og%gv‘?g%qdﬁ%% Hﬁ?%f%%(ﬁl%?eaogm‘? TAfOSaH%E%SEaI which join the

portion 40389 RERREoRY e gihrough the air-core’ cal In s

25  movements of the air-core coil 303 in the z-dimension. The magnet structure 304 is
rigidiy coupled to a mounting bracket 310 of the active prismatic joint 204. As such, the

can Tesu onal

Lorentz-force actuation results in the movement of the air-core coil 303, while the rigidly -
coupled magnet struciure 304 remains in placé. The passive prismatic joint 206 (Figure
2) is coupled onto the air-core coil 303 which allows for movements of the air-core coll
30 303 to be propagated towards the mobile platform 210 (Figure 1), via the passive
prismatic joint 208 (Figure 2). The air-core coll 303 is wound onfo & coil holder 307
having opposing ends 307a, b The moving air-cors coil configuration 308 and DM
configuration 304 can allow high speed actuation, as a moving air-core coll is much
lighter compared tc @ moving module, which comprises of the permanent magnets. In



In the example embodiment, compound linear spring design is used for providing rotation about the
z-axis, 8z, because it advantageously provides low displacement stiffness and can avoid parasitic

motion. Setsv%%g Rliﬁg% compound linear springs 404 5 equally placed M@ng%@g@ngement

around the cwcum%rence of an enlarged hollow cylinder portion 410. The cylinder portion 410
comprises a top half 410e and a bottom half 410b, coupled to each other via the sets of compliant
compound linear springs 404. In another example embodiment, a Eix-Oy-Z FPM capable of achieving
a targeted 10 large controllable workspace of 2.5 x 2.5 x 2.5 mm is provided. Based on this
workspace, the inventors have performed analysis which has indicated that the passive motions of
each limb,j.a. the.nassiveoRFisMALs and spherieakmetionspcer-es sealized by dnenusjversal joint. This
is because the targeted workspace onl req#\}ge§ vg(%&;ngilé Cpaasmgupen@wg{éc g&ga%gaencal motions
that can bERARIRFLIPHRR ESMRRIEREbrhE 15 beam-based Hexurs joints. which are used to form
the universEgoints. Sopegdierlyha BvistéaraipRfeARaveanesH s PFaRTRIREMatics
configuratigmsnay, fe-Rmpareas:toar Mha #xoSyt- A7 it withesudha Ead et saorkBpase. Such a 3PU
configuration oifers. 3 SRled s ol RoAEly Sised REMasipmpaiedipl @PS
conflguratlonaﬁ g'€hown in igure 2. 2 Figure 5a shows a prototype of an example embodiment
of a 3-DOPEIPIY PHEZEN CASMNHSLAYEY AP FTIIIR BAPIRE S DOF 3PPS FPM 200 comprises of three
identical partially-compliant limbs 502a, 502b, 502c attached to a base platform 512 and supporting a

mobile platform 510, Fighre Shhenssamexample emboskmerteteachalonlitb 50avef the 3-DOF
3PPS FPM 500. Each limb 50 ises of i iant prismatic. ja latform 506
and a univerSR ‘TSffﬁ’Cr ?6?"&%"‘5‘% iy 19,“%%8693 B A B e o

own In Figure. 5b, each active compliant prlsmatllg%gint 504 carries the

platfdfin SOGAEsBentsr HEtamcRiHNRGdTRMR P INEERRPRE OF thASSRSRH S8 Wrries the
universal jeinkRRS SR eblRipanHigse:5a edustpbtBo22- Qi moaiedon taminge platform 512
with each |i 028G ' Hyesfiaes 21 8 aefdhenabite plattermbddisEach limb
502a-c is gﬁ%%‘%@dcﬁ?%g%%gg i?ea Begﬁzﬂgs bstantiall eéE%BgiC%l%rr et% )EhSSQQ%S gﬁg\t/gorm 512 and
mobile plafiRtmested Rt e ﬁ?é'rg‘fp%%?ﬁlsén GVE conplialit prismatic Joints 504 of each
limb 502a-thareiatacheddartbé oabe fiadorming/ SrPeLGA BA2BgP it/ HE 20RBINTORY 11 512, and the

respagfiveiriyersahifints 208 eheashrimin803a-carsiattachedvs espeptivg edgassd 1a-c of the
mobile plat:{g m bS%O. TQne Egsggt%ngg@ésal joints 508 are connected to the platform 506 via screws,
while the ptatitorm BB fiiither connected to the moving air-core coil of the active compliant prismatic
joint 504 via 5screws. A position control scheme was implemented on each active compliant
prismatic joint to Evakaiesthesopal3lzmdpoptdaimeameswi 16k ectoppdldn isowryaRiBigure 5. Figure
6 is a grap shawing lgsqidnisierometesraadiagssesihe enthafiestertios thee movabie
20 frames 312 support the passive compliant prismatic joint 208 (Figure 2), more particular
the respective legs 205a, b (Figurs 2). The movable frames 312 are connected o the
respactive legs 205a, b (Figure 2) of the passive compiiant prismatic joint 208 (Figure 2),

using screws,

25 A rigid frame 314 is connected to the bracket 310 and hence the base platform
242 (Figure 1). For achieving nanometric resoiutions over a few milimetres of travel of
the air-core coil 303 with respéct to the rigid base platform 212 (Figure 1), each
compliant machanism 308a, b comprises & double compound linear spring 311 with
beam-based flexure joints 3C8. As illustrated in Figure 3, the EDM 302 is embedded

30 within a pair of symmetrical double compound linear spring compliant mechanism 308e,
308b {0 form the compiete active compliant prismatic joint 204.

in Bx-ey{ FPMs of the prior art, an elementary rod flexure joint has been &

nopular approach in realizing & conventional spherical joint motion, for example, in [8]



10 mobile platform 510) of the prototype 500 at neutral position when the servo-control of each active
compliant prismatic joint is activated. It is observed that an average open-loop positioning resolution of

10 nm is regjstered with.a maximum peak-to-peak resolution of 20 nm bejng kased Arpasionally.
15Figure 7 is a grap sdhowing laser interferometer readings of the end-effector of the prototype 500

when the prototype 500 is manipulated to move from neutral position to 60 nm along the z-axis and
back to neutral with an incremental step of 20 nm. It is observed that the prototype 500 of the example
embodiment is capable of a resolution of 20 nm. 20 Figure 8 shows a photoelectric autocollimator
802 (NIKON, model: Two-axes photoelectric autocollimator, resolution: 0.05" (1/72000)) evaluating an
Ofie”télllti%fu(.ew%@a&;@hﬁm%ﬁtyﬂ%%@a@w@&xwﬁ‘ empadimenis Fhelpiaatgei500 is actively
controlled to orientate the -effector in an incr step ' ahout -axis and the y-axis
respectiveRAURTE the a’ﬂto?:%na{?g?r éf?ﬁqeasouﬁ%gtﬂéeg agﬁaﬁégggg%tic?ﬁg m@tﬁtﬁ; tabulated in

Tables 1 dRecpaeBw friieatis (ks thepBtdiihb Sooein BRMAR dhiBrEnfatidit ASSdiution of 0.05"
about the g-agigeandihew-suds tespeativielysB W 2640/ 1444 88RETFSHR04 /060099 12 Desired

Oriem%tiona&éiftép'géagn%gﬁoﬂ'gcision Engineering, vol. 24, pp. 24{31, 2000}). However, an
elementary rod flexure joint runs into its elastic deformation limit when larger deflections
are required. In embodiments of the present invention, a compliant spherical joint is
provided to address the limitations of the conventional siementary rod fiexure joint,
Figure 4 illustrates the compliant sphetical joint 208 in the exampie embodiment. This

10 compliant spherical joint 208 comprises of a compliant universal joint 402, which
provides rotation motions about the x-axis, 8x, and the y-axis, By, independently, and a
set of compliant compound linear springs 404 to provide a rotation motion about the z-
axis, 9z

15 tn the example embodiment, the compliant universal jeint 402 is substantially of a
hollow, cylindrical shape and divided into three poriions 403a-c. As shown in Figure 4,
portion 403a comprises two surfaces facing the portion 403k, inclinad to the x-y plane
and converging into a fiexure joint 4052, The portion 403b provides a corresponding
opaning 4073 around the flexure joint 405a, such that the portion 403a is coupled to the

20  portion 403b via the flexure joint 405a. Similarly, ‘portion 403c comprises two surfaces

 facing the portion 403k, inclined to the x-y plane and converging inio a flexure joint 405c.
The portion 403b provides a cotresponding opening 407¢ around the flexure joint 405¢,
such that the portion 403¢ is coupied to the pertion 403b via the flexure joint 405¢. in the
example embodiment, for each of the flexurs joints 405a, 405¢, 2 corresponding fiexure

25  joint 408a, 408c on each diametrically opposite side of the hollow cylinder 403a-c is also
provided. It will be appreciated by a person skilled in the art that each pair of flexure
joints on diametrically opposite sides lie on an axis of rotation. For example, flexure
joints 405a and 408a liz on an axis of rotation, 8y (as shown in Figure 4), while flexure
joints 405¢ and 408c lie on an axis of rotation, 8x (as shown in Figure 4). The twe flexure

30 axes, §x, 9y, are substantially perpendicular to each other. Rotations about the x-axis,
ox, {as shown in Figure 4) are therefore provided for by the flexure joints 405¢, 408(:,
which join the portion 403b with the portion 463c. Similarly, rotations about the y-axis,
8y, (as shown in Figure 4) are provided for by the flexure joints 4052, 408a, which join
the portion 403b with the portion 403a.
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10

in the example embodiment, compound linear spring design is used for providing
rotation about the z-axis, 6z, because it advantageously provides low displacement
stiffness and can avoid parasitic motion. Sets of compliant compound linear springs 404
5  equally placed in a circular arrangement around the circumference of an enlarged hollow
cylinder portion 410. The cylinder portion 410 comprises a fop half 410a and a botiom

half 410b, coupled to each other via the sets of compiiant compound linear springs 404.

in another example embodiment, 2 8x-8y-Z FPM capable of achieving a targeted
10 large controllable workspace of £2.5° x £2.5° x £2.5 mm is provided. Based on this
workspace, the inventors have performed analysis which has indicated that the passive
motions of each limb, i.e. the passive prismatic and spherical motions, can be realized
by one universal joint. This is because the targeted workspace only requires very small
passive prismatic and spherical motions that can be achieved by the compliance of the
15  beam-based flexure joints, which are used to form the universal joints. Consequently, &
2-fimbs Prismatic-Universal (3PU) parallei-kinematics configuration may be employed to
farml a Bx-8y-Z FPM with such a targeted workspace. Such a 32U configuration offers a
simplified and more compactly-sized FPM as compared to the 3PPS configuration 200
shown in Figure 2. '
20
Figure 5a shows a prototype of an example embodiment of a 3-DOF 3PU FPM
500, As illustrated in Figure 5a, the 3-DOF 3PPS FPM 200 comprises of three identical
partially-compliant limbs 502a, 502b, 502c aftached fo 2 base platform 512 and
supporting a mobile piatform 510. Figure 5b shows an axample embodiment of each
25 limb 502 of the 3-DOF 3PPS FPM 500. Each limb 502 comprises of an active compliant
prismafic joint 504, a platform 506 and a universal joint 508. As shown in Figure 5b,
each active compliant prismatic joint 504 carries the platform 508 at its center of the
actuating direction. A center 507 of the platform 508 carries the universal joint 508.

30 Returning to Figure 5a, each limb 502a-c is mounted on the base piatform 512
with each limb 502a-¢ supporting respective edges 511a-c of the mobile platform 510.
Each limb 502a-c is oriented such that they are each substantially perpendicuiar to the
base piatform 512 and mobile piatform 510. More particularly, the respeciive active
compfiant prismatic joints 504 of each limb 502a-c are attached to the base platform
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11
512, and the respaciive universal joints 508 of each fimb §02a-c are atlachad 0
respactive adges 511a-c of the mobile piatform 510. The respective universai joints 508
are connected fo the platform 508 via screws, while the platform 5086 is further

connected to the moving air-core coll of the active compliant prismatic joint 504 via
5 SCrews.

A position control scheme was implemented on each active compliant prismatic

joint to evaluate the open-loop performance of the prototype 500 shown in Figure 5.

Figure 6 is a graph showing iaser interferometer readings of the end-effector (i.e. the

10 mobile platform 510) of the prototype 500 at nsutral position when the servo-control of

each active compliant prismatic joint is activated. 1t is observed that an average open-

loop positioning resolution of +10 nm is registered with a maximum peak-to-peak
resolution of £20 nm being traced occasionally.

18 Figure 7 is a graph showing laser interferometer readings of the end-effector of
the prototype 500 when the prototype 500 is manipulated to move from neutral position
to B0 nm along the z-axis and back to neutral with an incremental step of 20 nm. It is
observed that the prototype 500 of the example embodiment is capable of a resoiution of
20 nm.

20

Figure 8 shows a photostactric autocollimator 802 (NIKON, modsl: Two-axes
photoelectric autocollimator, resolution: 0.08” (1/72000%) evaiuating an orientation
resolution of the prototype 500 of ti’ie example embodiment. The prototype 500 is
actively controlied to crientate the end-effector in an incremental stap of 0.05” about the

25 x-axis and the y-axis respectively while the autocoliimator 802 measured the aciual
orientations.

Resulis tabulated in Tables 1 and 2 below indicate that the prototype 500 can
achieve an orentation resolution of 0.05” about the x-axis and the y-axis respectively.
30



orientatiofl ("10.05 -Q.OS 0.10.-CC;3 11.5-0,15 0.90 -0.20 0.25 -0.25 0.30 -0.30 Table 1. List of the
desired and actual fineTable 2. List of the desired and actual fine orientations about the

x-axis.orienta| he y-axis. To evaluate the workspace of th
tracking rob&g ?ng@gﬂli&s} P S PIRELRGIBAY, & laser

model: At_)solute Tracker, measuring volume: 18 m3, resolution: 60 pm) was
used and 5results are tabulated in Table 3. The results indicate that the prototype can achieve a large
controllable workspace of at least 2.5 x 2.5 x 2.5 mm. .Achieve by prototype

12
Desired Acruad Dresired Actual
ortentation {1 | orewrasion (" orientasion (*) | orientasion ()

-0.04 0.0 0,05 .05
0.05 0,05 .05 005
6.0 L0110 .10 0.10
(.10 (.10 04,10 -0,10
315 -0.15 g.13 .15
0.1% £.20 0,15 .16
-0.20 -0.20 0.20 0.20
G.20 0.20 -0.20 -(,20
-0.25 -0.3s 0.25 0.25
n.25 095 -0.25 -0.20
030 0320 T 030 0,30
(.30 0.30 -0.30 -0.30

Table 1. List of the desired and actual fine  Table 2. List of the desited and actual fine
arientations about the x-axis. orientations about the y-axis.

To evaluate the workspace of the prototype 500, a laser iracking robot (LEICA,

mod_el: Absolute Trackar, measuring volume: 18 m3, resolution: 80 um) was used and

5 resulis afe tabulated in Table 3. The results indicate that the prototype can achieve a
iarge controliable workspace of at least £2.6° x £2.5° x £2.5 mm.

] Achieve by prototype Positive | Negagive

Position af the z-axis 2514 pun | -2.500 e
Orienation abeur the x-axw | 2.08]° -2A |
Orentation apout the veaxis | 25787 25507

Table 3. List of the positions and orientations achieved by the prototype
10 '

The position coniro!l schame was atso used to move the eng-effecior of the
prototype from 0 to 2.5 mm in the --direction. Using a laser interferometer mountad
above the end-effector, this large displacement motion was monitored and piotted as
shown in Figure 8. The step response registered by the laser interferometar indicaies

15  that the end-effector moved from the neufral position to about 2.5 mm within 10msec
before sefttling at 2.5 mm- at approximately 100 msec. Based on this step response, the
prototype demonstrates a fast travelling spaed of 250 mm/sec.



Positive N_egati\_/e Position ot the c-aina 2.53.4 nun -2.500 runt Oriencntion about the 3-axis 2.981"
-2.808' Orientation about theaxis 2.578 -2.55ef Table 3. List of the positions and orientations achieved

by the proto%%%éa g @%Qosition control scheme was also used to move theand:aia6iM0f the

prototype from mm in the z-direction. Using a laser interferometer mounted above the
end-effector, this large displacement motion was monitored and plotted as shown in Figure 9. The step
response registered by the laser interferometer indicates 15 that the end-effector moved from the
neutral position to about 2.5 mm within 10msec before settling at 2.5 mm at approximately 100 msec,
Based on this step response, the prototype derf®nstrates a fast travelling speed of 250 mm/sec.

Figures 10a and 10b show a 15 Kg-load piaced on the prototype 500 of the
example embodiment as i is manipulated. Based on preset open-ioop command signals
and dispiacement sequences implementad on each active compliant prismatic joint, the
prototype was able 1o manoeuvre the 15 Kg-load within its maximum achievabie

5 orientations about the x- and y-axes of +2.5°. This operation indicates that the prototype
can achieve more than 100 N of continuous output force with a force-current sensitivity
of 160 N/amp. Consequently, the prototype is capable of generating a continuous output
force of at least 300 N of with 2 Amp of input current,

10 . The example embodiments may be suitabie for realizing the active co-planar
nanoc-alignment betwsen the template and the substrates, and for enhancing the
imprinting process in the nanoimprint lithography processes. Further, the example
embodiments may be applicable to any nano-scale process that requires nano-to-meso
maniputations. |

15

In the example embodiments, the components are comprised mainly of
atuminum or aluminum based alloys. For example, the base platform, mobile platform,
passive prismatic joints, passive spherical joints, universal joints, mounting frames,
linsar spring structures, opposing ends of the air-core coil, movable frames, rigid frames,

20 and flexure joints are made of aluminum or zluminum based alloys. it will be appreciated
by a person skiied in the art that other materials may be used to fabricate the
components mentioned. For example, the compiiant joints may be fabricated with
fitanium alioys, spring stainiess-steels alloys, spring steels (or carbon-steels), copper-
beryliium alioys, bronze alloys, or silicon-based materials. In addition, the EDM e.g. 302

25 in Figure 3, is made of iron while the magnsts 303a, b (Figure.3) are permanent
magnets in the example embodiments. ‘

It will also be appraciated by a parson skilled in the art that while the rigid

connections between the various components are provided by screws in the example

30  embodiments, other rigid connecting methods such as by welding, epoxy, gic. may also
be appiicable.

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific



13 Figures 10a and 10b show a 15 Kg-load placed on the prototype 500 of the example
embodiment as it is manipulated. Based on preset open-loop command signals and displacement
sequences '{EB?W‘&Q on each active compliant prismatic joint, the profQtyRe. was,aki& to
manoeuvre t g- Ioad within its maximum achievable 5 orientations about the x- and y-axes of
-2.5. This operation indicates that the prototype can achieve more than 100 N of continuous output
force with a force-current sensitivity of 160 N/Amp. Consequently, the prototype is capable of
generating a continuous output force of at least 300 N of with 2 Amp of input current. 10The example
embodiments may be suitable for realizing the &tive co-planar nano-alignment between the template

and the Subgtrgte \,(\}\tf‘%r EQF{IH@ m%'merg&m%Pre%%sm the maé}qmpémohélaagraphy processes.

Further, the & examp e embodiments may be appllcfgble to nano scale process Sel Q% requires
nano-to- n‘i‘é%‘ﬁ?ﬂnﬂlﬂé{f Bt AEDodiRE Aga | Oé?nf) Con ?he components are comprised
mainly of edulosnatveosaral urtinesinidased alloys. For example, the base platform, mobile platform,
passive prismatic joints, passive spherical joints, universal joints, mounting frames, linear spring
structures, opposing ends of the air-core coil, movable frames, rigid frames, 20 and flexure joints are
made-of aluminum or aluminum based alloys. It will be appreciated by a person skilled in the art that
other materials may be used to fabricate the components mentioned. For example, the compliant joints
may be fabricated with titanium alloys, spring stainless-steels alloys, spring steels (or carbon-steels),
copper-beryllium alloys, bronze alloys, or silicon-based materials. In addition, the EDM e.g. 302 25in
Figure 3, is made of iron while the magnets 305a, b (Figure 3) are permanent magnets in the example
embodiments. It will also be appreciated by a person skilled in the art that while the rigid

connections between the various components are provided by screws in the example 30embodiments,
other rigid connecting methods such as by welding, epoxy, etc. may also be applicable. 14
embodiments without departing from the spirit or scope of the invention as broadly described. The
present embodiments are, therefore, to be considered in all respects to be illustrative and not
restrictive. 15



PCT/S62010/000099 Recelved 21 December 2010 CLAIMS 1. A manlpulator co rlsm : @ mobile
platform; a base platform;- - at least three activeisimbs coupled be weerl ?J%ﬂl ?orm and the
base platform such that the mabile platform is moveable in at least one” Pt c?ﬁ%? 4o rotational
directions under theaants| of the active limbs; each active limb comprising; ~ an active prismatic

joint moveable in said one translational direction; a passive rotational joint for accommodating
rotational movement of the mohilgRlaifasndrsaid, two rotational directions; - and wherein for each
active lint, a first connectign,tg;@RGRkLie base and the mobile platforms is via the passive rotational
joint, and a second conneacggg; g,)rgge other one of the base and mobile platforms is rigid. 2. The
manipulator as claimed in |a|m ﬂlﬁe\évaerelril the active prismatic joint comprises: a magnet structure
mounted to the basg Iat a movaple Com exterdiRg RPBUYH wehiagltiae e ¢ the magnet
structure; a CO Faﬁf' s?ruc?u?h S PIea bR cRiFiRmR iR gevasiecH| sintsattedbase platform. 3.
The manipulator as CIATREGI PRI 'ﬁta\t}\?ﬁé'r‘é'l?ﬂﬂ@ HTAEBe seniel e dhisectiveligumed for providing two
magnetic fields, and the ftRASHE EBhIc@%RENAS through each of the magnetic fields. - 4. The -
manipulator as claimed in clainig 2=6f 8rispsisricir Tiegeabiniplisin bet trolHereomprises a pair of linear-
spring structures coupled betwe@pstive iiztieng mtfoimaanchrespegtivapg osingnends of the moveable
coil. - 5. The ménipakiecietforlaisae dvirraisina drasthesein each linear spring structure comprlses a
double com pound linear Sptingprein for sach active limb, a first connection to one of the base and the

mobile platforms is via the passive rotational’ loint, and & second connhection fo the

other one of the base and mobsle platforms is ng:d '

2. The manipula’(or as claimed in ciaim 1, wherein the acttve prismatjc.
joint comprises: ‘ .
a magnat structure mourted fo the base platform;
- a movable coll extending through & rhagneﬁc field ef the magnet structure;
a compliant structure coup!ed between the moveable coll and the base
platferm |

- 3 The manlpulator as ciatmed in olaim 2, wherein the magnet structure
. is configured for providing two magnet:c fi eids and the: moveab!a coit extends
- through each of the magne!lc ﬁeids ' :

4. The mampuiator as cialmed in claims 2 or 3 whereln the compiiant
structure comprises a. pair of linear spring structures coupled betwean the base.‘
platform and respective upposlng ends of the moveabie coil.

. 5. - The mantpulator as ciaimed in claim 4 wheraln each’ imear sprmg
structure comprises a doible compnund linear spring. -

8. The manlpuiater as claimed in claim 5, whereln the double compound B
linear spring comprises a set of beam-based flexure joints,

Amended Sheet
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6. The mampulator as claimed in claim 5, wherein the double compound Img@.bge 8585’9”5(35 a set
of beam-based flexure Joints. PCUSG201 W00009¥ 16 Received 21 Dec¢ %2&% S 107 The
manipulator as claimed in any one of the preceding claims, wherein the passive rotational joint
comprises flexure joints. dezflnlngTﬂﬁ/d“ﬁ@ @h‘%@e@%&?érfd|ﬁQYSmBEaMaIbfeparp@|adiﬁh{Iarly to each other
across a body of the {f%&%/eerereaitsarfeiationt coBprihefimarn patesBROIMAaddL,eiaim 7, wherein the
passive rotational 10|ﬂ#ﬁ#ﬂ%@mﬁlkwwa&u@ﬁﬁmhﬁmrﬁemgraci,y@e@rt@p&g%for providing
rotational movementragButigsinaxis parallel to the translational direction. 9.The manipulator as-claimed
in claim 8,-wherein the set of compliant compound linear springs comprises a set of beam-based

flexure joints. 10.The manaouIataﬁea,a&la!m@dagrgimgcpg@lg%tpe“%%cedglngaclalms further.comprising a
passwe prlsmatlc JOlrgirgqm,@dcgﬁ%ggg the @qg%gﬁgms{ggggg ¢ dr]t and the pag<h atlonal joint

insar sprsngs for pm\ndmg
tetational movement about an gxis paraliel to the trans%atrcna! direction,

8. The mampulatar §8 cialmed in claim B8, wherein the set of oomphant
compoung Ilnear springs compnses a set of beam-based ﬂexure joints,

© 0. The mantpulaior as cia;rneci in-any one of the preceding z:la:ms. further

: oompnsmg a passive prismatic joint coupied between the active pnsma‘uc jomt and
the passwe rotauonat jomt_
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