Active Manipul ator FIELD OF | NVENTION The invention relates broadly to an
active mani pul ator, a passive rotational joint, and an active prismatic
joint. BAYRCROIN®B*SActi ve mani pul ators provide fine ori eREASGEHONENEeNt s
for high-precision manipulation. H gh precision manipul ati on has
application in a | arge nunber of technologies such as in inprinting
operations. O her exanples include optics or |laserinterferoneter
positioning in metrol ogy systens, mcro-scale handling and packagi ng
processes, and nano-scal e nani pul atibn in robotic-assisted surgical devices

or hi ghprecision haptic devi . et le, inthe field of

nanoi nprint |ithography, coﬁgﬁk‘&o%%'gﬁm i thography runs into
technical limts when used to produce transistors and resistors of sizes
bel ow 45 nm due to the wavelength limtation and diffraction effects of the

phot ons -and- Fl ash I nprint Lithography (SFIL) or Utra-Violet
nanoi rrpﬂﬁD f’#ﬁﬂé!&ﬁ'ﬁg‘ﬁb‘ has recently becone a potential solution to repl ace
convgntional optical |ithography. Unlike conventional nanoinprint
l'ithography, .SFIL i.s a roomtenperature and. | pressure pr.ocess .that
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patt er nsnd amastivheritreat jaines (or nol ds) onto the substrates. Wth a liquid
etch barrier, SFIL can elimnate the high tenperatures and inprinting
forces, which cause major technical issues in accurate overlaying of

mul ti pl BAGK@ROUNDbnsequently, it is the only nanoinprint |ithography
progess that has successfully dempnstrated the multi-Iayerinterconnections
fabrications. In a SFIL system a fine-orientation stage is usually driven

by three hi gﬂét%oh%ip@létors provide fine orientation movements for .high-precision

| manipulation. High precision manipulation has application in a large number of

technologies such as in imprinting operations. Other examples inciude optics or laser-

interferometer positioning in metrology systems, micro-scale handiing and packaging

15  processes, 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 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 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 mechanical steps to transfer high
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
major technical issues in accurate overlaying of multiple layers. Consequently, it is the
only nanoimprint lithography process that has successfully demonstrated the multi-layer-

interconnections fabrications.

30 '

. In a SFIL system, a fine-orientation stage is usually driven'by three high-
resolution Piezoelectric (PZT) actuators to achieve active orientation motions about the
x-axis, 6x, and the y-axis, 8y, and an active translational motion along the z-axis. PZT



Pi ezoel ectric (PZT) actuators to achieve active orientation notions about
the x-axis, gx , and the y-axis, qy, and an active transl ational notion

al ong t heVORQ1%114488 Tact uat ors are solid-state transducePSTSRAVIVAPYWYsual |y
formed by naturally-occurring crystals such as quartz, tourmaline and

sodi um potassiumtartrate etc. Wien such a crystal is exposed to an
electric field, it experiences an elastic strain, which causes its length
to increase or decrease according to the field polarity. As the el enentary
cells of the crystal material are st%ongly bonded, the elastic strain
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for acconmodating rotational novenent of the nobile platformin said two

rot ati oP@PWdi recti ons.

15 Therefore, there exists a need to provide an active manipulator to address one or
more of the problems mentioned above.

SUMMARY
20
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 transiational and two rotational directions =~
25  under the control 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 mobile platform in said two rotational
directions.

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



The active prismatic joint nmay conprise a nmagnet structure nmounted to the
base platform a novable coil extending through a magnetic field of the
magnet stWASPIWIE4488 conpliant structure coupl ed bet weenPERESGAHNOANWOR coi
and the base platform The nmagnet structure may be configured for providing
two magnetic fields, and the noveable coil extends through each of the
magnetic fields. The conpliant structure may conprise a pair of |inear
spring structures coupl ed between the base platformand respective opposi ng
ends of the noveable coil. Each lin®ar spring structure nmay conprise a

doubl e compound |inear sprin The. d PouU J SR may
conprise a & ”@'Enﬁe%rHPtH%s@aglb?e%?ﬂ?%ug]‘g%%oﬁtpg&mﬁeﬂ%a@é vgerﬂ%{az%’t ?’gdnal j oi nt
may ComBhh&eablbesiiEgends thicsigideadmifiige hapndiicdéizidse axes extendi ng
substantially perpendicularly to each other across a body of the passive
rotational joint. The passive rotational joint may further conprise a set

of conpl i anThe oompiisnt striaieamayprongise faopaipel dineali IWGNY St AtWER EPURIBY ement

about axi ral : @@H i i ke set of conpliant
con%ou WIeF'Plg"aeP&sS%rnlkaﬁ%csrﬁ %ﬁ@ggg%r%l??élge%élset dggkﬁggﬁrgbvgggng | exure joints. The
mani pul ator may further conprise a passive prismatic joint coupled between
the active Egé}flriﬁaeta* Sorlng iR CorRF RS 2R ubRIcBIbONR linkei dpring. The passi ve
prismatic jornt may %e noveabl e i n said one translational direction. In
accordance with a second aspect of the present invention, there is provided
a passive rghalgbanalcoiBbiid GREPEpFIgNGaf bexpise 4 sétnif bedefbiasendetwe flexure
axes extendi ng substantially perpendicularly to each other across a body of
t h&0 pa&ditye rotational joint.The passive rotational joint may further
conprise a set of conpiiant conpound

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.

15
The passive rotational joint may further comprise a set of compliant compound
linear springs for providing rotational movement about an axis parallel to the translational
direction.
20 The 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 the passive rotational joint.
25

The passive prismatic joint may be moveable in said one translational direction.

In accordance with a second aspect of the present invention, there is
provided a passive rotational joint comprising flexure joints defining two flexure axes
30 extending substantially perpendicutarly to each other across a body of the passive

rotational joint.



| i near springs for providing rotational novenent about an axis parallel to
the translational direction. In accordance with a third aspect of the
present iWOSAtW1dM88t here is provided an active prisnati ®CISCA1008¢8? i si ng a
magnet structure nmounted to a base platform a novable coil extending

t hrough a magnetic field of the magnet structure; a conpliant structure
coupl ed between the noveable coil and the base platform The nagnet
structure may be configured for providing two magnetic fields, and the
noveabl e coil extends through each éf the magnetic fields. The conpli ant

structure ri a j | 4 r 1 r bet ween
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| i near lispar spgngst fouprouidiag meigtiowhmoverecr abouitanexisaresalehty the terslatiopali ng. The
doubl e ¢ und linear spring nmay conprises a set of beam based fl exure
joints. F DESCRI PTI ON OF THE DRAW NGS Enbodi ments of the invention will

be better understood and readily apparent to one of ordinary skill in the

art ¢ rom t hgy, fekdQuh AOwWHh i 1688 H8S& diRkd PRaschY invaNtidH, tesran@brveildy, and in
conjunction with the drawings, 1n which: Figure 1 shows an exa
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t he exanpl e enbodi nent. Fjgure shows the co iant spherical joint in the
exanpl est@ﬁwm?%@wﬁhe%ﬁnéh%a‘% cqj aﬁ%‘?%?i‘/sﬁgy "n exanpl e enbodi nent of
the 3-DOF 3PU FPM Figure 5b shows an exanpl e enbodi nent of each |inb of

t he, 3- DOF 3PU FPM Fi 6 i h P o] ! | o
1 O ST 88 R R PR 1
ser vo- cthatovkalné ceipedterals throegtceampldf érstmagnetic fields.

The compliant structure may comprise a pair of linear spring structures coupled
between the base platform and respective opposing ends of the moveable coil.
15
Each linear spring structure may comprise a double compound linear spring.
The double compound linear spring may comprises a set of beam-based flexure
jeints.
20
BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will be better understood and readily apparent
25 to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:
Figure 1 shows an example embodiment 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 joint in the example embodiment.

Figure 4 shows the compliant spherical joint in the example embodiment.



prismatic joint is activated. Figure 7 is a graph show ng | aser
interferoneter readings of the end-effector of the prototype when the

pr ot ot ypeWVPS2OHa#438| ated to nove from neutral position PETEG2H088Mg t he
z-axis and back to neutral with an incremental step of 20 nm Figure 8
shows a photoel ectric autocollimator evaluating an orientation resol ution
of the prototype 500 of the exanple enbodinent. Figure 9 is a graph show ng
| aser interferoneter readings of the end effector a when the prototype is
mani pul ated to nove fromneutral poS§ition to 2.5mm Figures 10a and 10b
show a 15 Kg-1oad placed on the prototype of the exanple enbodi nent as it
is mani pul ated. DETAILED DESCRIPTION It is to be noted that sone el enents
i n di ffer enFiganbsashrev = pofotydesf pn esanpleiembedimenhofihe 3O&F FAhEPHnd woul d
therefore be simlarly referenced with the same nuneral. Enbodi nents of the
present invention relate to a nano-alignnent manifpul ator_capabl e of large
di spl acenenfiguentb sirdveraraexaomie enbedimamaiees imb eldbe dRBnIY BRiMexanmpl e
enbgdi ment of the manipulator is based on a 3-1inbs
prismatic-prismaticspherical parallel kinematics configuratjon. I}:,ach i b
is driven byicare BrieatFampeeving tagat Neferriieraetfings didop a8 2 magnet
confi gUr At Qb ACRLRNE dodkige ARAL iHBUSSo-LbitkS toff ucheadtilé lomipRbdt | nput
current and a conpact-si zed desi gn. Enbodi nents of the present invention
seek t Pripmatiqigiet i§ 3§42 nani pul ator of |arge workspaces with nanonetric
resolutions and | arge conti nuous output force. The enbodi nents of the

present invention seek to pravide a conpliant ni pul .at n the
amdlganat i or'@fe gdﬁﬁlqr%l? Sﬁ%"ﬂ?? E@gr ‘gf?&%g%neg?rerggﬁgggagntg %E:‘d' rﬁ?@&nﬁ schene.
I n t he tex groptgeentadineanbistypb éameathingetdd fid exoue dopoiautrs! rsigon sedd oy

fricti Oaﬁ‘c!n%%ﬁe Qg%glarﬁg%atcl?to neutral with an incremental step of 20 nm.

Figure 8 shows a photoelectric autocollimator evaluating an orientation resolution

15  of the prototype 500 of the example 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.

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 It is to be noted that some elements in different embodiments of the present
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 displacements and orientations with nanometric resolutions. An
example embodiment of the manipulator is based on & 3-limbs prismatic-prismatic-
spherical parallel kinemétics 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.



support the non-contact actuation of a Lorentz-force actuation. A

Dual - Magnet (DM configuration is enployed in the enbodi ments of the
present iWPeAWd#880 enhance the strength of the magnet PETSGRY/MIOHI n an
El ectronmagnetic Driving Mddule (EDM so as to increase the current-force
sensitivity and subsequently to achieve a larger force generation. In the
enbodi ments of the present invention, a 3-linb Prismatic-Prismtic-
Spherical (3PPS) parallel-kinematics configuration is provided to realize
the x-qy-Z notion. One of the advaht ages of such enbodi nents using a

paral l el -kinematics configuration is that they can avoid the use of passive
conpliant revolute joints. This is because a passive conpliant revolute
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100N o re. I'n a dltlon, such a slender designed flexure joint is
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paral | el -Kin€mati cs configuration of enbodinents qf th resent .invention
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( _ ft present inventjon can, possess. higher off-axis stiffness
o vi t [FSDUaNIEReS CEPGUROR PRATRRATIENS B 5B PrRHb e Qgoa TR BF 1 he

pr efsentstrle?gtﬁ 1 tl&ﬂn@g{}r@ti@ﬁggtvﬁmm edEkasedagretit DeviBPRBdpker @M soldsrtemat i cs
configuration I C an be cl.assifie Lee eesS Y- dom ( DOF
3PP8 FIIRKEHE- gﬁséﬂr%&iﬁ eﬁe-ns'k{}" er?ﬁ?isglgg%%%lnﬁ ultgtaor % Pﬁ/»l.a %Ir géfr%g 1 SI(’IOWS)
an exargehera@shodi ment of a 3 PPS FPM 200. As illustrated in Figure 1, the
3-DOF 3PPS FPM 200 conprises of three identical partially-conpliant |inbs

202a, 202b, 202c attached to a base platform 212 using screws in the
exanpl e In the embodiments of the present invention, a 3-limb Prismatic-Prismatic- ‘

Spherical (3PPS) paraliel-kinematics configuration is provided to realize the 6x-8y-Z

15 motion. One of the advantages of such embodiments using a parallel-kinematics
configuration is that they can avoid the use of passive compliant revolute joints. This is
because a passive compliant revolute joint, which typically targets for larger
displacements, requires a thin slender design that is unsuitable for withstanding an
imprinting force of 100N or more. In addition, such a slender designed flexure joint is

20 sensitive to external disturbances, e.g., vibration etc, and possesses poor off-axis
stiffness, which will affect the precision of the motion. The 3PPS paraliel-kinematics
configuration of embodiments of the present invention uses compliant prismatic joints,
which can offer more deterministic or precise motion. Through symmetrical design and
paraliel configuration, embodiments of the present invention can possess higher off-axis

25  stiffness to withstand the targeted imprinting force. Hence, embodiments of the present
invention are constructed based on the 3PPS parallel-kinematics configuration, which
can be classified as a three Degrees-Of-Freedom (DOF) 3PPS Flexure-Based Parallel-
Kinematics Manipulator (FPM).

30 Figure 1 shows an example embodiment of a 3 PPS FPM 200. As illustrated in
Figure 1, the 3-DOF 3PPS FPM 200 comprises of three identical partially-compliant
fimbs 202a, 202b, 202¢ attached to a base platform 212 using screws in the examplé
embodiment and attached for supporting a mobile platform 210 using screws in the

example embodiment. Figure 2 shows an example embodiment of each limb 202 of the



enbodi mrent and attached for supporting a nobile platform 210 using screws

I n the exanpl e enbodi nent. Figure 2 shows an exanpl e enbodi nent of each
linmb 202 \¥P 20He34488F 3PPS FPM 200. Each linb 202 conpri $EI/S6RVIQA0EY | ve
conpliant prismatic joint 204, a passive conpliant prismatic joint 206 and
a passive conpliant spherical joint 208. As shown in Figure 2 , each active
conpliant prismatic joint 204 carries the passive conpliant prismatic joint
206 at its center of the actuating direction. A center 207 of a noving

pl atform of the passive conpliant pr7i smatic joint 206 carries the passive
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t he exanpl e enbodi nent . As illustrated in Figure 3 , to manipul ate the
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Figure 3 shows the active prismatic joint 204 in the example embodiment. As
itlustrated in Figure 3, to manipulate the 3-DOF 3PPS FPM 200, each active compliant
prismatic joint 204 is driven by an EDM 302 with a DM configuration 304. The DM
configuration or magnet structure 304 comprises of two pairs of parallel magnets, 3052

20 and 305b. Each EDM 302 is constructed based on a moving air-core coil configuration
306 comprising an air-core coil 303 embedded within the DM configuration 304 such that
the air-core coil 303 coils within respective gaps of each pair of parallel magnet 305a
and 305b. As the air-core coil 303 extends through the magnetic field of the magnetic
structure 304, passing current through the air-core coil 303 can result in transtational

25 movements of the air-core coil 303 in the z-dimension. The magnet structure 304 is
rigidly coupled to a mounting bracket 310 of the active prismatic joint 204. As such, the
Lorentz-force actuation results in the movement of the air-core coil 303, while the rigidly -
coupled magnet structure 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 coil

30 303 to be propagated towards the mobile platform 210 (Figure 1), via the passive
prismatic joint 206 (Figure 2). The air-core coil 303 is wound onto a coil holder 307
having opposing ends 307a, b. The moving air-core coil configuration 306 and DM
configuration 304 can allow high speed actuation, as a moving air-core coil is much

lighter compared to a moving module, which comprises of the permanent magnets. in



rigidly coupled to a nounting bracket 310 of the active prismatic joint

204. As such, the Lorentz-force actuation results in the novenent of the

ai r-core W8i2010804488whi | e the rigidly coupled magnet str BETHOERIHA0P_ NI ns
in place. The passive prismatic joint 206 (Figure 2) is coupled onto the
air-core coil 303 which allows for novenents of the air-core coil 303 to be
propagated towards the nobile platform 210 (Figure 1), via the passive
prismatic joint 206 (Figure 2). The air-core coil 303 is wound onto a coi
hol der 307 havi ng opposi ng ends 3078, b. The noving air-core coi
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process. To retain the frictionless notion of the Lorentz-force actuation
the active rrpllan tIC int 204 in e I d| t further
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308a, bcom'Bnemeprlshmealjommomg tisd reua:hple&sntﬁmisaentmrmeecmopme@obobmhmfen the
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15 307a, b. Both opposing ends 307a, 308b are coupled to the two linear spring structures

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 frames 312 support the passive compliant prismatic joint 206 (Figure 2), more particular
the respective legs 2052, 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,

25 A 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 respéct to the rigid base platform 212 (Figure 1), each
compliant mechanism 308a, b comprises a double compound linear spring 311 with
beam-based flexure joints 309. As illustrated in Figure 3, the EDM 302 is embedded

30  within a pair of symmetrical double compound linear spring compliant mechanism 308a,
308b to form the complete active compliant prismatic joint 204.

in ex-ey-z FPMs of the prior art, an elementary rod flexure joint has been a

popular approach in realizing a conventional spherical joint motion, for example, in [6]



frames 312 of the linear spring structures 308a, b. \Wen assenbl ed, the
novabl e frames 312 support the passive conpliant pri smaticsj oi nt 206
(Figure YO/ d4488rti cul ar the respective | egs 205a, bPCESGAVIE/099099 The
novabl e frames 312 are connected to the respective |legs 205a, b (Figure 2)
of the passive conpliant prismatic joint 206 (Figure 2), using screws. A
rigid frane 314 is connected to the bracket 310 and hence the base platform
212 (Figure 1). For achieving nanonetric resolutions over a fewmnmllinmetres
of travel of the air-core coil 303 Wth respect to the rigid base platform
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in the exanp I an erlcal j ol nt 8 conprises of
a conpl?&ﬁﬁzunlversal jOInt 402, mhlch prOV|des rotation notions about the
x-axis, gx , and the y-axis, qy, independently, and a

15 In the example embodiment, the compliant universal joint 402 is substantially of a
hollow, cylindrical shape and divided into three portions 403a-c. As shown in Figure 4,
portion 403a comprises two surfaces facing the portion 403b, inciined to the x-y plane
and converging into a flexure joint 405a. The portion 403b provides a corresponding
opening 407a 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 403b, inclined to the x-y plane and converging into a flexure joint 405¢c.
The portion 403b provides a coiresponding opening 407¢ around the flexure joint 405c,
such that the portion 403c is coupled to the portion 403b via the flexure joint 405¢. In the
example embodiment, for each of the flexure joints 405a, 405¢, a corresponding flexure

25  joint 408a, 408c on each diametrically opposite side of the hollow cyiinder 403a-c is also
provided. It will be appreciated by a person skilied 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 lie 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 two fiexure

30 axes, 8x, By, 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 405c, 408c,
which join the portion 403b with the portion 403c. Similariy, rbtations about the y-a’xis,
8y, (as shown in Figure 4) are provided for by the flexure joints 405a, 408a, which join
the portion 403b with the portion 403a.



set of conpliant conpound |inear springs 404 to provide a rotation notion
about the zaxis, qz . In the exanple enbodi nent, the conpliant universal
joint 40VP0Md488ntial ly of a hollow, cylindrical shaBeT&630@%82d into
three portions 403a-c. As shown in Figure 4 , portion 403a conprises two
surfaces facing the portion 403b, inclined to the x-y plane and convergi ng
into a flexure joint 405a. The portion 403b provides a correspondi ng
openi ng 407a around the flexure joint 405a, such that the portion 403a is
coupled to the portion 403b via the "0l exure joint 405a. Sinilarly, portion
403c conprises two surfaces facing the portion 403b, inclined to the x-y
pl ane and converging into a flexure joint 405c. The portion 403b provides a
cor r espondi iy thepeenmiie @0 Bediseol pempduad finesq#peng eesidn @osed fos gisvidingat t he

por ti on B3¢ deSuCHdPl-ads! 8, t B&Red bl %aﬂ@ﬁ@odéiyapgobﬁeg &% Whsldc@inght 405C. In
e enb f the f

t he exanp odiment, for each o exure joints 405a, 405c, a
cor r es pYifapsrgar eeraveid; reratiticyogion. 2eig©f spmalEnhcemeeHid linea| PJnEpHYsi t e si de

of tde @t%!ah\f)iﬂa@é_d ih R09EuI4P 8RartgehnBars GhdPhe Girélesterdnte W & ergadREIRG at ed by a
person skilled in the_art that each pair of flexure joi ntsg)%tr}?dl anetrically
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and 408gail 419b0dbuBRdaX EScHobtheliathe@Bis ol Yorhipitans bsimsound lifdagepengk)404whi | e
flexure joints 405c and 408c lie on an axis of rotation, gx (as shown in
Figure 4). The two flexure axes, gx , qy, are substantially perpendicul ar
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15~ beam-based flexure joints, which are used to form the universal joints. Consequently, a
3-limbs Prismatic-Universal (3PU) paraliel-kinematics configuration may be employed to
form‘ a 6x-0y-Z FPM with such a targeted workspace. Such a 3PU 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 attached to a base platform 512 and
supporting a mobile platform 510. Figure 5b shows an example embodiment of each
25  limb 502 of the 3-DOF 3PPS FPM 500. Each limb 502 comprises of an active compliant
prismatic joint 504, a platform 506 and a universal joint 508. As shown in Figure 5b,
each active compliant prismatic joint 504 carries the platform 506 at its center of the

actuating direction. A center 507 of the platform 506 carries the universal joint 508.

30 Returning to Figure 5a, each limb 502a-c is mounted on the base platform 512
with each limb 502a-c supporting respective edges 511a-c of the mobile platform 510.
Each limb 502a-c is oriented such that they are each substantially perpendicular to the
base platform 512 and mobile platform 510. More particularly, the respective active

compliant prismatic joints 504 of each limb 502a-c are attached to the base platform



equally placed in a circular arrangenent around the circunference of an

enl arged hol |l ow cylinder portion 410. The cylinder portion 410 conprises a
top hal f WOQRA10AHHSE bott om hal f 410b, coupled to each oPRESGINA/PHAI set s of
conpl i ant compound |inear springs 404. |In another exanple enbodi ment, a
gx-qy-Z FPM capabl e of achieving a targeted | arge controll abl e workspace of
2.5 x 2.5 x 2.5 nmis provided. Based on this workspace, the inventors have
perfornmed anal ysis which has indicated that the passive notions of each
linmb, i.e. the passive prismatic and1spherical notions, can be realized by
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I’ISH’B. I'C an heri cal notions that can be achi eved by
t he corrp$peameeedgbs fsmaa beéthebaskits nsla@emﬁé 0j BhntespedfiMe ¢Rivarsal jasesdbi8o form t he

universpt dohdhs tﬁﬂéﬁgmm %05 2viddcldiRS iSR! piGtai \526 SRl fukiAE)

par al | kKi'nemati1 cs co uration may be forma Z FPM
vmth s uasnnectecaiqyteedowng l@ypcms% colb it ey 2gPe @6?{5 P@tuﬁ?réﬁ“%'ﬁ igin %V}é

n?I i fdepifcand nore conpactly-sized FPM as conpared to the 3PPS
con |gurat|on 200 shown in Figure 2 . Figure 5a shows a prototype of an
exanpl e enbodi mrent of a 3-DOF 3PU FPM 500. As illustrated in Figure 5a, the
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r espectliesauitmigd $26 nthikmwing todcedioscasitsialle pl at f or m 510.

15 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 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°)) evaiuating an orientation
resolution of the prototype 500 of tHe example embodiment. The prototype 500 is
actively controlled to orientate the end-effector in an incremental step of 0.05" about the

25 x-axis and the y-axis respectively while the autocollimator 802 measured the actual

orientations.

Results tabulated in Tables 1 and 2 below indicate that the prototype 500 can
achieve an orientation resolution of 0.05" about the x-axis and the y-axis respectively.
30 ‘



Each |inb 502a-c is oriented such that they are each substantially
perpendi cul ar to the base platform 512 and nobile platform510. Mre
particul WVPRIWHM8Bespecti ve active conpliant prismaticPLEHSEREI0N0M9%f each
linb 502a-c are attached to the base platfornbl2, and the respective

uni versal joints 508 of each |inb 502a-c are attached to respective edges 5
lla-c of the nobile platform510. The respective universal joints 508 are
connected to the platform 506 via screws, while the platform506 is further
connected to the nmoving air-core cold of the active conpliant prismatic
joint 504 viasgrews, AjqQsition control schege was i aplenmented on each
active conplg;antipri $eBhiGo) @i Nt t o eval uat@utihe opennhigog” per f or mance of

t he prototype 5@ sShown jonzFigure 5. Figure 603s a| graph show ng | aser

i nterferoneter oneadi ngs 605t he end-effector {i%e. the -Abile platform 510)
of the prototypelt500 at rdltral position whe J%he serv %?ontrol of each
active conpliafti®prismati’é’joint is activate'fnlt s observed that an

aver age openlo)ffpositio%ﬂﬁg resolution of 1Qpmis registered with a

nmaxi num peak-t g;peak [resgfddtion of 20 nm beipgotraced egcasional ly. Figure
7 is a graph shoyw ng |l aseryi nterferonmeter readings|of thAe end-effector of
the prototype 50¢ when thesprototype 500 is @&ni pul at et o nove from
neutral positi aresto 20 nmzal ong the z-axis arfd®back to?@futral with an
incremental step3f 20 nA3%t is observed th%ﬁ%the prohqupe 500 of the
exanpl e enbodi et is capabl e of a resolutionof 20 nm "Figure 8 shows a

phot oel Bid i Q ik BRAekiSmaRr achaR fifdNl Kiie Audklof thEwesisaceandmtitadinect ri ¢

aut ocol I rmator, resolution: 0.05" (1/72000) V. i 10,.0ri entation
resol ution SFGWW%mﬁf%?%ﬁvb€a§6O of the exgh%ﬁémggéggﬁ@%%?gmghe pr ot ot ype

500 is actively controlled to orientate the end-effector in an increnental
step of 0.05" about the x-axis and the y-axis respectively while the
aut ocol I i mat or 802 neasured the actual

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

model: Absolute Tracker, measuring volume: 18 m3, resolution: 60 pm) was used and
5 results 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 Positive | Negative

Position at the z-axis 9534 non | -2.500 mm
Orientation about the x-axis | 2.981° -2.868¢
Orientation about the v-axis | 2.578° -2.55G°

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

The position control scheme was also used to move the end-effector of the
prototype from 0 to 2.5 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 demonstrates a fast traveliing speed of 250 mm/sec.



orientations. Results tabulated in Tables 1 and 2 below indicate that the
prototype 500 can achieve an orientation resolution of 0.05" about the
x-axi s anyOZAR/W448%i s respecti vel y. Desired Actual Desir 8TARG2¢4000099

orientation ('' ) orientation (" orientation (") orientation (")
N

-0.05 0.05 0.05 0.05 0.05 -0.05 -0.05 -0.10 -0.10 0.10 0.10

-0.05
0.10 -0.10

-0.10 -0.15 -0.150.15 0.15 0.15 0.20 -0.15 -0.15 -0.20 -0.20 0.20 0.20
0.2U 0.20 -0.20 -0.20 -0.25 -0.25 0.25 0.25 0.25 0.25 -0.25 -0.25 -0.30
-0.30 0.30 0.30 0.30 0.30 -0.30 -0.30 Table 1. List of the desired and
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can achieve more than 100 N of continuous output force with a force-current sensitivi
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.

The example embodiments may be suitable for realizing the active co-planar
nano-alignment between 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

manipulations.

In the example embodiments, the components are comprised mainly of
aluminum or aluminum based alioys. 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,
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 compiiant joints may be fabricated with
titanium alloys, spring stainless-steels alloys, spring steels (or carbon-steels), copper-
berylium alloys, bronze alloys, or silicon-based materials. In addition, the EDM e.g. 302

in Figure 3, is made of iron while the magnets 305a, b (Figurei 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
embodiments, other rigid connecting methods such as by welding, epoxy, etc. may also
be applicable.

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



prototype fromO to 2.5 mmin the z-direction. Using a | aser interferoneter
nount ed above the end-effector, this |arge displacenent notion was

moni t or edVaRAINHINBed as shown in Figure 9 . The step r &SHSEE3R10/08¢0%t er ed
by the |aser interferonmeter indicates that the end-effector noved fromthe
neutral position to about 2.5 mnmw thin 10nsec before settling at 2.5 nm at
approxi mately 100 nsec. Based on this step response, the prototype
denonstrates a fast travelling speed of 250 mmi sec. Fi gures 10a and 10b show
a 15 Kg-load placed on the prototyp&4500 of the exanple enbodinent as it is

mani pul ated. Based o reset en-1 oo d_siagn dj cenment
sequen@@%bosmngﬁﬁﬁ'ﬂp%lg %‘Pa&ﬁ‘éhﬁﬁﬁ?%ég‘@to%%%t Of;lfrl%sﬁg rgt@ﬂjdaosl lr)llt%g!jl? he

pr ot ot yeecrived. Fid pretentranineineres bileetheBefiig: toozaicotisidered intad respecisum

achi evabl. ) t] t the x- and y-axes of 2.5. This operation
indicaﬁ)éﬁFﬁgwEE%@rﬁfg%gﬁgg% can achieve nore than 100 N of conti nuous
output force with a force-current sensitivity of 160 N Anp. Consequently,

t he prototype is capable of generating a continuous output force of at

| east 300 N of with 2 Anp of input current. The exanpl e enbodi nents nay be
suitable for realizing the active co-planar nano-alignnent between the
tenpl ate and the substrates, and for enhancing the inprinting process in

t he nanoi nprint |ithography processes. Further, the exanple enbodi nents may
be applicable to any nano-scal e process that requires nano-to-neso
mani pul ations. In the exanple enbodi nents, the conponents are conprised
mai nl y of alum num or al um num based al | oys. For exanple, the base
platform nobile platform passive prismatic joints, passive spherical

joints, universal joints, nmounting franes, |linear spring structures,
opposi ng ends of the air-core coil, novable franmes, rigid franes, and
flexure joints are made of alum num or al um num based alloys. It wll be

appreciated by a person skilled in the art that other materials nmay be used
to fabricate the



conponents mentioned. For exanple, the conpliant joints nay be fabricated
with titaniumalloys, spring stainless-steels alloys, spring steels (or
car bon- st\¥e12810/11¢88per beryl | i um al | oys, bronze al |l oys, BETSCRIVIABAsed

materials. In addition, the EDMe.g. 302 in Figure 3, is made of iron
while the magnets 305a, b (Figure 3) are pernmanent magnets in the exanple
enbodi nents. It will also be appreciated by a person skilled in the art

that while the rigid connections between the various conponents are
provi ded by screws in the exanpl e efbodi nents, other rigid connecting

thod @M&Das by wel di ng, epoxy, etc. may also be applicable. It will be
appr eci alr y a person skilled in the art that nunmerous vari ations and/or
nodi fications may be made to the present invention as shown in the

speci fi cenmbagdi ment ing fromthe spirit or scope of the
ore AT AR e

invention as bro escrib e present enbodinents are, therefore, to
be conS| der ednphileapiatferaspect s to be illustrative and not restrictive. CLAIMS

1. mani pulaq?égnég&fgpmm ng: a nmobile platform a base pl atform at | east
three activ s coupl ed between the nobile p|atform and e base

pl at f or m suc 'et&ﬁéthr?%édﬁt?ﬂl”l‘te‘s PRURIFDPRRHVPEN mﬁ/@QB!‘eepﬁaHO%’l‘? ang

transl 4408l sleRGnbt@eRbEIE @Qﬁérnﬂlsrrﬁﬁ\ﬁé%lnué’td@ésttdﬂ% teamtatsehalcénd he active
|l i mbs; each active linb corTE gr 3 actlvqg&aslfsnatlc joint noveable in
sai d or@orrpigienalCirsrians 4nde med??n 8'% ae PGy ional joint for

accommodat i nghch@kld hBkconpyisingnt of the nobile platformin said two

[ﬁéaoglctelnsle [C)“r :’ gﬁélp?n%}/%faﬂemancJoﬂpmoxpealb% i95aid® ngltr%kérgtgoniapdi%lc%nm 1, wherein

a passive rotational joint for accommodating rotational movement of the

mobile platform in said two rotational directions.

2. The manipulator as claimed in claim 1, wherein the active prismatic joint
15  comprises:

a magnet structure mounted to the base platform;

a movable coil extending through a magnetic fieid of the magnet structure;

a compliant structure coupled between the moveable coil and the base platform.

20 3. The manipulator as claimed in claim 2, wherein the magnet structure is
configured for providing two magnetic fields, and the moveable coil extends through

each of the magnetic fields.

4. The manipuiator as claimed in claims 2 or 3, wherein the compliant
25  structure comprises a pair of linear spring structures coupled between the base platform

- and respective opposing ends of the moveable coil.

5. The manipulator as claimed in claim 4, wherein each linear spring
structure comprises a doubie compound linear spring.
30
6. The manipulator as claimed in claim 5, wherein the double compound

linear spring comprises a set of beam-based flexure joints.



conprises: a magnet structure nounted to the base platform a novable coi
extendi ng through a magnetic field of the magnet structure; a conpliant

st ruct ur VO H#8Bet ween t he noveabi e coil and the bas&CHSE2GMOA093 . The
mani pul ator as clainmed in claim?2, wherein the nmagnet structure is
configured for providing two magnetic fields, and the noveable coil extends
through each of the magnetic fields. 4 . The nmanipulator as clained in
claims 2 or 3, wherein the conpliant structure conprises a pair of linear
spring structures coupl ed between tH& base platform and respective opposing

ends of the veal.g? Sp(lt)p'ullator s cldifRdTRh HL@EP{he?dgnggr@gmk%ﬁér@hm 4,

wherein eacH'line RC'sTT Uet Ure  Cohpri ses "e” conpound | i near
spri ng.th® passT\haerotmnmqi (it cmpises Maxure dointy definingnivg, flaxHes @1as extradildubl e

Conpou%%%sgﬂaﬂt?aﬂf/ 8?@%5@% f.ﬁ%@aﬁﬁ&h@r ?&E% &g%mr%ap%%ghvé tR%ione jbigd nts. 7. The

mani pulator as ny one o cedi ng cl ai ns, mhereln t he
passive rotational joint conprises flexure joints deflnlng two fl exure axes

ext gndi ng Slebsta%b%én)bumsrpa%%ﬁxehmnéﬁmmmepem mé@ags@@rfom@na Jcbmdy of the
passive rotational joint . .The mani pul ator as c| ai ne

wher ei fukthes Goa¥sEeea st of |08'i‘\‘8\'ar]t cﬁoﬁtpoPrﬂﬁ tinger SEWrﬁoéé?éo"éd'%fo(%ﬁpnﬁlorrpl i ant
CoMpoUNgo|dnt@Rbb&Pbh BES phfdiliett @ ©hridgitioed airédib@dl novenent about an axis
parallel to the translational direction. 9. The manipulator as clained in

claim8, wherein the set of conpliant conpound |inear springs conprises a
set of beamdasedht! munipeiaioniast Slainkd. inTHiaimmanivpeleat tre ast of enmdidnt n any one

coUBl o BERHRL ek 85 Bt RO e et L T e I TR L1 ve rotat | onal
j ol nt. ]

50. The mampulator as claimed in any one of the preceding claims, further
comprising a passive prismatic joint coupled between the active prismatic joint and the
passive rotational joint.
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11. The manipulator as claimed in claim 10, wherein the passive prismatic

joint is moveable in said one translational direction.

12. A passive rotational joint comprising flexure joints defining two flexure
20  axes extending substantially perpendicularly to each other across a body of the passive

rotational joint.

13. The passive rotational joint as claimed in claim 12, further comprising a
set of compliant compound linear springs for providing rotational movement about an

25 axis parallel to the transiational direction.

. 14.  An active prismatic joint comprising:
a magnet structure mounted to a base platform;
a movable coil extending through a magnetic field of the magnet structure,
30 a compliant structure coupled between the moveable coil and the base platform.

15. The active pr'iv'smatic joint as claimed in claim 14, wherein the magnet
structure is configured for providing two magnetic fields, and the moveable coil extends

through each of the magnetic fields.



11. The mani pul ator as clainmed in claim10, wherein the passive prismatic
joint is noveable in said one translational direction. 12. A passive
rot ati onaWOj2810k14488npri si ng fl exure joints defining twoPEILSL3P18/08908%
extendi ng substantially perpendicularly to each other across a body of the
passive rotational joint. 13. The passive rotational joint as clainmed in
claim12, further conprising a set of conpliant conpound |linear springs for
provi di ng rotational novenent about an axis parallel to the transiational
direction. 14. An active prismatic j!dint conprising: a magnet structure
mounted to a base platform a novable coil extending through a magnetic
field of the magnet structure; a conpliant. structure coupled between the
noveabl e coi16. andhehectivagsisphtia faitras aigimethis deitisve? of i1SmahpEin 8ient as
cl ai med. 4.5kl eln r ' f haWe r
pr ovi d?%dﬁl'%%éguéﬁui? idgm? flﬁsd%fp?gndg%?ﬁéi srg@gﬁfug{ug%ﬁ iéo@%a eEFlds ?ﬂ;%éagh each
of the PREgmatios Bhereppediye ophesingencs©f Hiei rapuaaPle Gbi nt as clained in clains
14 oy 15, wherein the conpliant structure conprises a pair of l|inear spring
structures coupl ed between the base platformand respective 0si ng ends
of the noveable cdiel actyy prigmatiidntas HRiMedaln daimoi Gt l?ge@%ﬁcﬁg ®Ph clai m
16, wheg®ing s@a&lrel doRpAtesSPabUME Sdrnfipttihtlieet@piXg. Ses a doubl e conpound |i near
spring. 18. The active prismatic joint as claimed in claim17, wherein the
doubl e compound |inear spring conprises a set of beam based flexure joints.
18. The active prismatic joint as claimed in claim 17, wherein the double

10 compound linear spring comprises a set of beam-based fiexure joints.
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