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between the combs causing them to attract. One comb is typically fixed, while the other comb is

moveable. FEach comb includes a plurality of comb fingers arranged so that the moveable comb

fingers slide past the fixed comb fingers until they are interdigitated. A restoring spring returns

25 the moveable comb to its original position when a voltage is no longer present between the

combs. The force available from each finger is relatively small, and therefore, comb-drive

actuators typically have between 10 and 200 fingers to produce adequate force for a MEMS
device.

However, the stable travel range of the comb-drive actuator is limited by

30  electromechanical side instability. When side instability occurs, the movable comb fingers are

displaced perpendicular to the direction of motion and come into contact with the fixed comb
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The stable travel range of electrostatic conb-drive actuators depends
primarily on finger gap spacing, initial finger overl apping and spring
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t hi s. SUMVARYS&kral idihel MpfahEHdh&Nhave been proposed to extend the stable travel range. For

example, one approach uses tilted folded-beam suspended springs instead of straight springs to
shift the spring constant in the y direction. The corresponding spring constant in the y-direction

changes from:

200E1
15 Equation 1
3x’L (Hq )
to
_ 600ET —, (Equation 2)
Bx-=5d)" L

where E is Young’s modulus, I is the inertia moment of the mechanical spring, d is the projection
of the suspended beam length along the x-direction and L is the suspended beam length.

20 Another approach to extend the stable traveling range includes adjusting the length of the
individual comb fingers and utilizing pre-bent suspended springs. More recently, another
approach utilizes a second comb electrode to extend the stable traveling range. This approach
shifted Ke (the electrostatic negative spring constant) to extend the displacement of the
electrostatic comb-drive actuator. Although each of the above approaches can potentially extend

25  the stable traveling range, extra driving voltage is required to achieve this.

SUMMARY OF THE INVENTION
Embodiments of the present invention provide an electrostatic comb drive actuator for a
Micro Electro-Mechanical System (MEMS) device with reduced side instability. The comb
drive actuator includes a flexure spring assembly and first and second comb drive assemblies,
30 each coupled to the flexure spring assembly on opposing sides thereof. Fach of the first and

second comb assemblies includes a fixed comb drive member having an elongate member with
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of member and one of the sets of the moveable comb drive member are interdigitated and a third
position in which the comb drive fingers of the second fixed comb drive member and the other of
the sets of the moveable comb drive member are interdigitated
30 Embodiments of the present invention further provide a displacement multiplier for use
within a Micro Electro-Mechanical System (MEMS) device that can increase the travel range of

the electrostatic comb-drive actuator by an order of magnitude. The displacement multiplier

includes a pair of springs symmetrical about a central axis of the displacement multiplier parallel



the electrostatic conb-drive actuator by an order of magnitude. The
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the symmetrical axis to transform rotation motion into translational motion corresponding to the
25  direction of motion of the MEMS element.
Embodiments of the present invention further provide a MEMS device that includes the
electrostatic comb-drive actuator with improved side stability, displacement multiplier and a
MEMS moveable element coupled to the displacement multiplier. The force applied by the
electrostatic comb-drive actuator on the displacement multiplier causes an amplified
30  displacement of the MEMS moveable element with respect to the displacement of the flexure
spring assembly of the comb-drive actuator. In further embodiments, at least one additional

electrostatic comb-drive actuator is coupled to the displacement multiplier to provide improved

actuator stability, therefore increasing the total travel range, while decreasing the driving voltage.



spring assenbly of the conb-drive actuator. In further enbodinents, at
| east one additional electrostatic conb-drive actuator is coupled to the
di spl acerwotzomui2ti2pl i er to provide i nproved actuator st &birltiseerp/08138¢ ef or e
increasing the total travel range, while decreasing the driving voltage.
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a plan view illustrating anot her exenplary electrostatic conb-drive MEMS
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FIGURE 3;

FIGURES 6-8B illustrate the effect of side force on the electrostatic comb-drive MEMS
actuator of FIGURE 3;

FIGURE 9 is a chart illustrating the measured stable travel range of the electrostatic

15 comb-drive MEMS actuator in accordance with embodiments of the present invention;

FIGURE 10 is a diagram illustrating an exemplary displacement multiplier for use with a
MEMS actuator in accordance with embodiments of the present invention;

FIGURE 11 illustrates motion of the displacement multiplier to cause a displacement of a
MEMS element, in accordance with embodiments of the present invention;

20 FIGURE 12 is a plan view of an exemplary displacement multiplier in accordance with
embodiments of the present invention;

FIGURE 13 is a plan view of an exemplary MEMS device including an exemplary
electrostatic comb-drive actuator and exemplary displacement multiplier in accordance with
embodiments of the present invention; and

25 FIGURE 14 illustrates exemplary motion of the MEMS device in accordance with

embodiments of the present invention.

DETAILED DESCRIPTION OF THE DRAWINGS
In accordance with embodiments of the present invention, an architecture is described for
an electrostatic comb-drive actuator that utilizes balanced fingers to increase the stable range in
30  which the actuator can operate with no sticking. In addition, a displacement multiplier
architecture is also described for use with a MEMS actuator to increase the displacement of the

MEMS actuator by an order of magnitude.
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23 25 from a large electrostatic force with respect to a spring mechanical restoring force perpendicular
to the direction of motion. In theory, the electrostatic forces at both comb drive members 21 and
23 should be equal, thus enabling each of the moveable comb drive fingers 28 to traverse along a
respective central axis between two fixed comb drive fingers 24 without snapping. However, in
practice, any misalignment in lithography process, etching process or any environmental
30  disturbance could displace the moveable comb drive fingers 28 away from the central position
between fixed comb drive fingers 24. Thus, the electrostatic forces at both comb drive members
may be unequal. Accordingly, if the spring constant in the perpendicular direction cannot sustain

the moveable comb drive fingers 28 at a steady position between two fixed comb drive fingers



However, the maxi mum di stance traveled by the rotor 36 is constricted by
side instability that causes the conb drive fingers 24 and 28 to snap
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Crans! at FURTHASH ik SR SACHE sERemstiil 126t he ot (on and the moment
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| nventi Orr]nem%gr %lqomplleg toF lar%rl?cllzerlgnngasubstrate (not shown) and a respective moveable comb

15 drive member 113. Each of the fixed and moveable comb drive members 111 and 113 includes a
respective elongate beam member 112 and 116, each having respective comb drive fingers 114
and 118 extending from one side thereof. The comb drive fingers 114 and 118 are arranged to
slide past one another so as to become interdigitated in response to a voltage being applied across
the fixed and moveable comb drive members 111 and 113 via electrodes 115.

20 The comb drive fingers 114 and 118 are divided equally between the first and second
comb drive assemblies 110a and 110b and placed symmetrically about a symmetry axis 128 in
the Y-direction of the flexure spring assembly 120 perpendicular to a direction of motion of the
moveable comb drive members 113 in the X-direction. Thus, half of the comb drive fingers 114
and 118 are placed to the left of the flexure spring assembly 120 and the other half of the comb

25  drive fingers 114 and 118 are placed to the right of the flexure spring assembly 120 in a balanced
manner

The flexure spring assembly 120 includes springs 122 and a rotor 124. The rotor 124 is
attached to the elongate member 116 of each of the moveable comb drive members 113 of the
first and second comb drive assemblies 110a and 110b. Therefore, when electrically energized,

30  the first and second comb drive assemblies 110a and 110b contribute electrostatic force in the
same direction of motion such that the moveable comb drive fingers 118 of both the first and
second comb drive assemblies 110a and 110b simultaneously move towards the respective fixed

comb drive fingers 114 of the first and second comb drive assemblies 110a and 110b. For



10 el ectrostatic conmb-drive actuator 100 is shown that provides reduced
side instability. The electrostatic conb-drive actuator 100 includes two
conb dri weoasmenbizies 110a and 110b synmetrical | y pl ace#Cahisea10a3f3Bexur e
spring assenbly 120. Each conb drive assenbly 110a and 110b i ncl udes
a respective fixed conb drive nenber 111 coupled to an underlying substrate

(not shown) and a respective noveabl e co 5 drive nenber 3. of the
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drive ne 113 are interdigitated to cause a displacenent of the rotor
124. 20 Each of the first and second comb drive members 111a and 111b has a respective

elongate member 112a and 112b with respective comb drive fingers 114a and 114b extending

from one side thereof in a juxtapositional manner. The moveable comb drive member 113

includes two sets of comb drive fingers 118a and 118b extending in opposite directions from a

center beam 116 towards respective comb drive fingers 118a and 118b of each of the first and
25 second fixed comb drive members 111a and 111b.

Comb drive fingers 114a and 118a are each arranged to slide past one another so as to
become interdigitated in response to a voltage being applied across the first fixed comb drive
member 111a and the moveable comb drive member 113 via electrodes 115a. In addition, comb
drive fingers 114b and 118b are each arranged to slide past one another so as to become

30 interdigitated in response to a voltage being applied across the second fixed comb drive member
111b and the moveable comb drive member 113 via electrodes 115b. For example, the
moveable comb drive member 113 is moveable between a first position in which the comb drive

fingers 118a and 118b of the moveable comb drive member 113 are partially overlapped with the



Springs 122 are coupled to the rotor 124 to enable the linear notion of the
rotor 124 in response to the electrostatic forces produced by each of the
conb dri weoasmenbizies 110a and 110b. In addition, the spcirngso1nd2i3enabl e
the rotor 124 to spring back to an initial position when 10 a voltage is no
| onger present across the conb drive assenblies 110a and 110b. Although not

shown, anchors secure the rings 2 to the s bstr
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124 in response to the electrostatic forces produced by each of the comb drive assemblies 110a

and 110b. In addition, the springs 122 enable the rotor 124 to spring back to an initial position
when a voltage is no longer present across the comb drive assemblies 110a and 110b. Although
25 not shown, anchors secure the springs 122 to the substrate.

Turning now to FIGURES 4 and 5, the push-pull operation of the bi-directional
electrostatic comb drive actuator 100 is shown. As shown in FIGURE 4, when there is an
actuation on the first fixed comb drive member 111a of each of the first and second comb drive
assemblies 110a and 110b (i.e., V1 is on and V2 is off), the first fixed comb drive fingers 114a

30 and the juxtaposed moveable comb drive fingers 118a on that side become interdigitated while
the second fixed comb drive fingers 114b and the moveable comb drive fingers 118b on the other

side of each of the first and second comb drive assemblies are not overlapping. In this



5 fixed conb drive nenber 111b and the conb drive fingers 118b of the
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120.

The second case shown in FIGURE 7 is similar to the case shown in FIGURE 6, except
that the forces Fy/2 are in opposite directions on each of the comb drive assemblies 110a and
110b. In this case, the moment around the center of the flexure spring assembly 120 is not

25 canceled. However, the displacement in the y-direction is canceled, and only the rotation due to
moment Mg needs to be balanced by the spring, which in turn enhances the stable range of the
comb drive actuator.

In the third case, as shown in FIGURE 8A, there is a force Fy/2 on only one of the comb
drive assemblies 110a. In this case, there is a translation in the y-direction and a moment, but in

30  only the comb drive assembly 110a where the force is applied. Although the other comb drive
assembly 110b may be disturbed, the forces are balanced on the fingers 114a, 114b, 118a and
118b of the other comb drive assembly 110b, and therefore, the fingers 114a, 114b, 118a and
118b of the other comb drive assembly 110b will not stick. This has been verified

10
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side of the pivot (1.2 and L.1) as follows:

D, = D{%} (Equation 3)
1

Equation (3) above represents the basic equation for the lever or cantilever displacement
25 multiplication.

The principle of operation of classical joints is to translate motion from an initial
direction to the perpendicular direction with amplification in displacement. The displacement
amplification (O) produced by the classical rotation joint mechanism is a function of the length
(L) of a rigid body between the two rotational joints, the distance (i) traveled in the initial

30 direction by one of the rotational joints and the angle (a) of rotation of the rigid body as a

function of the displacement (O) of the other rotational joint, which can be given as:
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experinmentally, as shown in the optical mcroscope photograph of FlI GURE 8B,
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drive assantyinplgsintsagstsinothn overalFnGRIRES:2n af the3lisplasemérpwltipli@r Byt iy tasttat or s
have the s i f the,spring and conb drive fingers. The conb
drive w ?trr%cg nO??h (%i}? |4\L é’?’g) has stable travel range of about 85 jam
whil e 14 he con”blrdlmg\m\wvtd theq'mnhdumm ofl @d dhspigemntanﬂul@hedzm) slheabisplad:em&mel

range of 125_jam. Th is an ten3| inth v ran ththe
Goust e sPHBPEOMY ARGt JoRien et QBnpapbttic! Bt of 23R8 Siudlo b e ve
act uat or dispfad@nehthiulgiliet DOX paaﬂaeltthel tir@ved of angee K ap@addid itan displacedieAg a
bal anced f rs. electrostatjc -drive, uat or di sp] acenent

mul tipli &M ?8@5 s BHOW*PI'AS Qﬁ fl’jmmé%‘f tbg‘bt t‘&eeceﬁ}%l&’“sﬁﬂg YLt digihent

mul tipl i @hgldDBeapandhiRss Q&ﬁ@gmﬂlﬁtrfbﬂ()a%ﬁt gl P8l aki€vVEIDAGEpANdSf Ghvagsdual
rotation joints. As is well-known, a lever is a rigid bar that is used with

a pi vét pURREtricd) apouidae esniraliasise a fir paig P%W&%&?Qﬁvmmﬁgalpwwc% peatig} axis

oper ati on@®fa sBcdn@W8ir of BinSdsMBh ¥yhhdtichinBoahKedanexat2 18R4d RPhidbt 85ld %Qdyt he
| ever is always the sane. Accordingly, the displacenent at one end of the

| ever (DEyibSrsedfidatymeetri¢hé aai)@pqha@éﬁ%taxmﬂtone AoMHEYS efemedt 20fesychiasra (D1)
mul ti pI ' %ﬁcr@ﬁ{n&d?%r &[1@1%6\%5'8& c&ﬁﬁlﬂl&*{t @@o&ﬁ‘&i"beﬁ)lzéiﬁ tt%fseEJﬂﬁ p%'r\éf’ﬁméés%s@nd L1)
as foll i (Equation 3) Equation (3) above

repr esent st h@aCb@é the seqm@%rs stigfrin theediteeticarof dlre forpathi anéw:@mpbhnsm adegien 25
mul ti r Fs to
tr anslt Sohuffiatargo the LRGN RS, B RESGAL O RhcSLATHL S8 of BLBLESL P o)
W th anpbpﬂngchmgetsn225n ﬂf’:a@pbé(t@nmrgled Théven mesmleackﬁﬁehds arfm;tl éndcaiupbd t()OE)

pr oduced cl assi.cal I.of atio hani sm nction of
Fongt n( Eesp i BREF i not B Sl @RideR T BRELRR TR B DS PRSI

(i) travehed tha f1tslnea1r of mn@!s 230. dadhedtthopivlry 28e ofiplth® ¢ atr@tpoadiak onobhit s
AL TN NN T R R A e

20  angled beam members 235 at spring hinges 225 in response to motion of the pair of springs 220.
Each of the rigid body members has a first end coupled to a corresponding one of the first pair of
hinges 240 and a second end coupled to a corresponding one of the second pair of hinges 240.
The first and second pairs of hinges 240 and 250 allow rotation of the pair of rigid body
members 245 in response to motion of the pair of springs 220.

25 The input displacement of the springs 220 results from applying a mechanical force by a
MEMS actuator. In an exemplary embodiment, the MEMS actuator is the electrostatic comb-
drive actuator of FIGURE 2 or 3. However, in other embodiments, the MEMS actuator could be
a different electrical, thermal or magnetic actuator. The displacement multiplier 200 is
symmetric around the central axis (or X-axis) 210 to ensure that the input and the output

30 displacements are in the X direction only without any rotation or displacements in the Y
direction. The springs 220 isolate the motion in the Y direction and translate the motion in the X

direction. Thus, the springs 220 are compliant in the Y direction and stiff in the X direction and

12



WO 2010/ 121121PCT/ US2010/ 031380 0 = VL2 sin 2 a+ i(2L cos a - i) - L sin
a(Equation 4) Since the displacenent nultiplier 200 shown in FI GURE 10
conbi nes woOl2ewenage systemwith a rotational joints sysPemuSkeie/0s1886 al |
magni fi cati on of the displacenent nultiplier 200 is thus the multiplication
of the ratio L2/L1 by O. 5Turning now to the particulars of the

di spl acenent nultl I|er dlsplace Iti lier 200 _jnclud a
pair of &prHyed wi ?fflé‘}fl‘m B ot Spgn%gﬁg?saﬁ il ED“QYPET“IB’F ?#FePlVOtS 53

di spl acegest ofinyl ctﬂepieg@e o2 QRe@i &ld. ahe tQa@ondifr @€ bh QA1 BlannkAbes 2B52pPhd ed to
the displacenment nultiplier 200, a @y;r of spring hinges 225é§gnnetr|cal

about t hbingerddand A3 wanshpy mefion and alfyw fotagiop ohthg rigtdl hodA MBI 235

symmetrical apguixahBe, Genhbeh ifXsUREO11 atw%aé)(en‘%iarﬁkl\é@ssfo?%& dQpiaysneat ri cal
about the central axis, a first pair of hinges symmetri cal about the

central awitplionare dugieicdndimtier first stﬁ'iengesfm%chae@ﬁ%@mh@dlw aso displpepanegient r al
axi s 210nﬂ1ﬁ1ﬂ)n@r ﬂfd dfaIe Oklgblgmblgg%(/}!] ém(gﬁ§6(?r%ﬁlaﬁl¥m&5%&laés iAPRYURERG. gentral

axis 210. as a mcromrror ot her noveabl e
conponenﬂwf%gﬂddmmi@dbbeumemﬁwﬂh@ﬂﬁeEGWdemamﬂmdﬂmhvﬁ@@g)@@&3KEa@h<dﬂh¢he

Springs %@g?%d 1§eaﬁntxhér% éré‘ dhegadi g{cﬁ%dkd/l ot nfers 128 t(§ bl tF ME‘M§91 ﬁt%é td

di rection perpen |cu ar tot tiron o orce, coup ed to
a correspmpuﬁﬂghameboﬁamheFﬁ&UREdﬂtbpﬂi$mwkummgd$p225nmEdbhh@ﬂommewﬁhﬁied
beam 235 h rst _end co rresp nd|n e of the pair
of - spht ndhagE ampBerhy b 3aB i BOURYRE: ) B SRRt TPRERE LB lacec%%l of
the first,pair of hinges 240. Each of the plvots 230 is coupled to a

correspondi ng..one of the BF be nmne ers 235 a respec

ovor - pornt o5 e gt Bt 3. ErBophim BRISE PGBl R L s
spring hiiRgacenZzAbmuliplieSonN&e hirgesToid Sikotohavcht@epaiplaced by pohplgat dadturdsach of
the rigid body menbers has a first end coupled to a correspondi ng one of

the first*SpApYn 8 FifilHged> 2hosraings uesinyneng seutzotaers g0 4'¢ ort BEEIREN ng

one ofs t k§12eLNH cPBplian0rRivAgasat 248 halbg J-ifaptd Bath &@@@mom@caﬁlpmm i nges
240 and 250 allow rotation of the pair of rigid body nenbers

r esponse oY HEGUGR 2t stthig K dirg¢tionp Hengss t@zerm@%ﬁ@%ormdﬂleldp éltﬂ %@éﬁe%t of

the spri thu? R tﬁeﬁégns Barhll @ ARPY MkiRGs shofECRRNI/GRIpef RLGR 2DY aeo VEVR as a
act uat or n an exenpl ary enbodi ment, the MEMS actuator is the

el ect r oshags, c,an@ bfhe pjhvaiiagese tjaintzing fhe FirgURE dession aloppedigetion. n ot her
enbodi nent s, M&‘Q’%@g g.gace hqleﬁ)iecoﬁl ﬁaﬁt sﬁﬁ&afes e#&%(aﬂl@@' as shDGh Rl or

magneti c actuato nultl ler 200 1s symmetric around the
central &KGWYREJRE, Xmalkicehtilaved b@@n%f&@ﬁeefetahalne pikess.i Aﬂib@uganble tdad povst pllews30

di spl acemintaudy g/%th(ﬂlt gﬂgla&nqény. gl%t Ioﬂ}r (91%' dé }Q'etoP grg%do yTan?t @1% cgrﬂllgfer beam

di spl acenents i n Irectl e spr ngs he notion 1n the
Y direct ialbowsafvd disphnshat end hetatot, itencantlevdrebeximdperidons owre difivently Hengsip | ngs

220 are Cc%rrpplnlfo%n}n IEI?}Utlﬁi% 2Yany dlsp(igcler%gntafrom ﬁlte Icgr];tﬂflzvielr ‘tt)eggl 1%1( tt%l X 81(1%0'&81’? walpge

translated additively to the output displacement, which will increase the displacement

25 multiplication of the MEMS element 260. On the other hand, any displacement of the cantilever

beam in the Y direction will be transformed and multiplied by the classical rotation joints to a

displacement in the X-direction, which adds to the output displacement and increases the
displacement multiplication of the MEMS element 260).

The hinges 240 and 250 have been replaced with compliant structures that have S-shaped

30 beams that are stiff in both the X and Y directions to translate motion. In addition, the S-shaped

beams 240 and 250 are compliant in the rotational direction to perform as ideal hinges.

Accordingly, there is a tradeoff in the design of the S-shaped hinges to achieve optimal

performance.
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WD 2010/ 121121PCT/ US2010/ 031380 are coupled to the angl ed beam nenbers via
spring hinges 225 to allow rotation. The pivots 230 all ow only one degree
of freedowp(@o1og12112the rotati on of the angl ed beam nmenbeP€TAB3)10/03t380 hi nges
240 and 250 translate notion and allow rotation of the rigid body nenbers
245. For exanple as shown in FIGURE 11, two exenplary states for the

di spl acenent |tiplier are illust ated n_the rst state, no force has
been appli ed F%fu ]§|§b§%ﬁﬁhﬁﬂﬁ“ﬁﬁP Mg Z@Uuﬁnéktwghﬁw§iPP&ﬁe@PaWENB

el ement  2ROrdsRBIcHSHUAGH NGRS 108l Bxdnhf@HRGispRcerhdht ha@iphECANUn St@h@incd
force is aﬁplled to the displacenent nultiplier 200 to cause rotation of

t he angl 8dhsaRmlimepsof éhem@e%tr}avqntlgr dw%‘af}l (fispieraen amliphicp ¥y asqdiathvenvs
el ement  @R0citQrobaiidiceRbARE acthlitof 00, H8e 88N rhve1 FALIRED Ik t;tt@}tde@ f&mghan | nput
di spl acenent Din due to the MEMS 10 actuator is anplified by the

di spl a%e#ﬁntacmm qfitg acp@eor 108 dm addidon. hy atilizipg Bvout pote @mdpire asepiorsDout .
Turni ng o, ftraﬁah ezﬂ:méo;nlle'dﬁ% SRR e different parts
of the dISpF nent nu I er i nges and pivots have been

repl aced by cthHG@ﬁﬁ EENM@tdp@EEwwg<@ﬁbme¢nwEM@UREmlzﬁimﬁ@»gpﬂnmgsmand
correspo NGRS AGe 1.t.h.
conplianﬂggggﬁ%gﬁbggmphat égéﬁg g@gnééfﬁﬁﬁﬁﬁzagg@g#?%ﬁl eég?%b%éﬁthe
conpl i anstififmest methy delt@tlon &nmathe dspllaéefmetnnnmlh@h% Zl]OrledstnM@nr adethere, ar¢ fveo
spring. be para llel to the X-axi S..i.S e.the beam el to
NIRRRINE e R N SR L e e TR S A SR
t he advan0@g@h@tmﬂammﬂmzmngmhmgﬂﬁmHMQmmﬂeydfﬁmn&nmnhabam@medaSEﬁmmonf The

i 1 2 L th 1 1 1 . F
P hoon’i T ey epme Rt B RERorihd Do 0B A0kR" G Bl Dicttifl SR

Al t hough a¢th@ors d@Bdr (panv @ﬁe cﬁ{qkl@s)l\@le fl@l’dlrfgCHfﬁbﬂ @6 Whel $110EhEsstin S HQﬂﬁanin dfithe.

only one degree of freed whil e the cantil ever beam al | ows
d|splaceﬁﬁﬁ?“%ﬁﬁtFHF%W?%%m(PﬁémEéW?PPEV@F19%a#W¢%W?@Eﬁ%MWhT€1@¥%ﬁ@ﬁ@ﬁtIy

t han iegifead infhe/RtireckiBn FédddRs. 12, any di spl acenent fromthe cantil ever
beamin the X direction wll be translated additively to the output

di spl acenent , FisFeHPI the o stiféresein theX diregiion deifg ALY 28e ARMR-IHYS BB R2bf t he
MVEMS elegggkngﬁga&Cn t he other hand, any displacenent of the cantilever
beamin the Y direction wll be transforned and nultiplied by the classical
rotation joints to a displa ment g? X-direction, which adds to the

out put di spl acement and incr aseS he sphiacement nul t idpquagen Hon of the
MEMS el ement 260. The hi nges 240 and 250 have been replaced with conpliant
StrUCtUr%%m%ﬁ@ﬁsH@%§H§S§Gﬁm§%n§%(@%ﬁﬂﬁaﬁ%ﬁhu%%%ﬁ%ﬂ&iwhﬁnpﬁﬁﬂekﬂﬁe%mﬁ”d Y
directions to translate notion. In addition, the S shaped beans 240 and 250
are c&nhpllhemtord, thetthiel stgfnassi intel X dirgction nging tvep prantf-ditver agBajogreith iy ngpaiggs
Accordingly, there is a tradeoff in the design of the S-shaped hinges to
achi eve optinal performance. WO 2010/121121PCT/ US2010/ 031380 FI GURE
13 illustrates an exenplary MEMS device 300 including an exenplary

el ectrostatic conb-drive actpator .10 5@m@mexenplary dlsplacenent mul tiplier
200 in accordance with enbodMments of the present inventi$HRIVHen t he

di spl acenent nultiplier 200 is used with the electrostatic conb-drive

actuator 100, Tlll edéc?eagmg s{léne%s il Y€ lort ?nc?e)e(tge%nsgﬁdstgb‘ﬂ ity; v%ch results in a

longer travel range. More particularly, when the ratio between the total spring constant stiffness

25 in the Y and X directions (Ky/Kx) is increased, a longer stable travel range of the comb-drive
actuator is produced. Since the displacement multiplier 200 has a low stiffness in the Y-
direction, reducing the X-stiffness share for each comb-drive actuator 100 ensures a long travel
range.

FIGURE 14 illustrates exemplary motion of the MEMS device 300 in accordance with

30 embodiments of the present invention. As can be seen in FIGURE 14, by combining the
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5 di splacenents of the actuator 100. In addition, by utilizing two or nore
conb-drive actuators, the driving voltage necessary for driving each

conb- dri weOaetum2ien i s reduced. In FI GURE 13, twoP€rasteioss8e86 c
conb-drive actuators 100 are used to drive the displacenent nmultiplier 200,
whi ch can further increase the side stability. For exanple, if the

stiffnes int X-direction fromthe displ cene t It|p ier 200 is

Kmul tipli @Pn"éﬂg‘ng%%m'éf"éwt Y 1«9{) sk UcREcg Lieidie aﬁ?ﬁ?‘ﬁ’ét‘wt&’%@r

Kl ti pl kigfwininl FIGIRRE Y 1886 Bguabhynd et WeeIEMSe:1dnk: a6 bl & &hkQ&. The
Therefore, when considering the side stability of the conmb-drive actuators
a stiffnesgnifiratien faciggrl|thg Geplasement mtlker290 @ bestlveig (arqhipe ar erdenel such,
usi ng tmglghﬁgﬁﬁggﬁ&%hqxggﬁmwgﬁ&ﬁe actuators rather than one divides the

| oading effect fromthe stiffness in the X direction of the displacenent

mul tiplier 200 ¥l be Teheeniaze b dosatkoiies in 0o, arthhedmvmwgomeiaWtdmme@% injthe hal f,
the tota i i or, t he
oral st PR g B Rl gt applgatorE I an
be esti rrdtee@O% Of Katt:mts ahbject KngteK 3hauld 90Ehudiniied t6)any ofiles epekitici exemplary
stiffnes - h-drive actuator in the X
d|rectlo%ma%g£Qﬁ§§§(%Egvgi %Q?g%gﬁ&%%ﬁ%%ngé@ngagﬁﬁé X direction using two
conb-drive actuators with two springs is: Kmultiplier KXtotal = K x 2
(Equation 6) Thus, decreasing stiffness in the x direction increases
side stability; which results in a |longer travel range. Mre particularly,
when the ratio between the total spring constant stiffness 25 in the Y and
X directions (Ky/Kx) is increased, a |longer stable travel range of the
conb-drive actuator is produced. Since the displacenent nultiplier 200 has
a lowstiffness in the Y-direction, reducing the X-stiffness share for each
conb-drive actuator 100 ensures a long travel range. FI GURE 14
illustrates exenplary notion of the MEMS device 300 in accordance with 30
enbodi ments of the present invention. As can be seen in FI GURE 14, by

conbi ning the WD 2010/121121PCT/ US2010/ 031380
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bal anced fingers conb-drive actuator 100 shown in FIGURE 3 and the

di spl acenent nultiplier showmn in FIGURE 12, |arger displacenents of the
MEMS el erwot2o@612an be achi eved. The magnification fac®Por/uskoiwioa13s0

di spl acenment nultiplier 200 may be adjusted to achieve an order of

magni tude increase in the displacement. 5As will be recognized by those
skilled ip the art, the innovative concepts described in the present
applicatﬁ%% EAMbe nodified and varied over a wide range of applications.
Accordi ngly, the scope of patents subject matter should not be limted to
any of tHhe spauticlactostatienohdr riveegthionds dMiguddedo-Merthanisali Systewad1kMdb) ned
by the fqllowing claims. WO 2010/121121PCT/ US2010/031380 VE CLAIM 1. An

el ectrostatic conb dfive actuator for a Mcro El ectro-Mechani cal Syst em

(MEMS) devi ces fleangspriag agemblyf drdxur e spri ng assenbly; and 5first and second

conb drive assenblies each oupled.to th ring assenbly. on
opposihg si el M o BRBFEY Regvhe, bR skt b GnEEuRE ARE PR
|nclud|ngpmmugsuﬁsﬂmweﬂeﬁmmt&ﬂﬁhyanmﬁﬁhﬁhmh&Mmﬂgmaas@Hﬁmggte nenber with

conb drive fingers extendi fron1one si de thereof;
noveabl e conb dri \Pefe ‘ﬁ‘é(?/ﬂ’f&‘ 5 g %’éﬁﬁeé%‘ﬁf&ewl%o‘?lhémw ER%FF%

10spri ng asse@ahMH%qdmc@ﬁnuﬁnmy@ﬁfMﬂgers extending fromone side of the
center beamtowards the conb drive fingers of the fixed conb drive nenber;
wherei n the noveall BOYGRIS ity riveemsmber having s hsamygupled ¢ jtesflexyssi ¢ i on

in which the gpnb dlehiv® hdd88hS dffe tiRGoMeRR L HERANMhedidevr (BIPRL: Bh¢h t he
fixed conb drive nenber are partially overlapped and a second position in

whi ch the contowgrds e combidrige fisgest ofithelivpd\vembldave BeMbeli i ve mermber and the
fixed conb drive r(?ﬁ@?@fﬁ tlérn%vhml@édiﬁtg&ﬁ\%tn?é?nﬂei)1sq§(5{1%901@béﬂv§éﬂ PEEMERAioRTn the

flexure spring assenbly wherein the conb drive fingers are divided
equal | y bet wewhich [z quflﬂ)sfﬂl‘lV&rfdngl’é@(ﬁrﬂ@ Royesbldcppk daige arbibpeandahe figedeweh

symetrically I?\Q)OIHE ﬁersa}[ypyr[l{d?}rf @%hﬁ p%zl a&l?% s%éo%n;l{oﬁ’mgﬁ? éﬂ gzgngs[gse%ly driv

per pendi cular to a Airect Ron ‘o vea rrve ne
and 15 fingers of the moveable comb drlve member and the fixed comb drive member are

interdigitated to cause a displacement of the flexure spring assembly;
wherein the comb drive fingers are divided equally between the first and second comb
drive assemblies and placed symmetrically about a symmetry axis of the flexure spring assembly
perpendicular to a direction of motion of the moveable comb drive member; and
20 wherein the first and second comb drive assemblies when electrically energized
contribute electrostatic force in the same direction of motion such that the comb drive fingers of
the moveable comb drive members of both the first and second comb drive assemblies
simultaneously move towards the comb drive fingers of the respective fixed comb drive
members of the first and second comb drive assemblies.
25
2. The electrostatic comb drive actuator of Claim 1, wherein each of the first and second
comb drive assemblies further includes:
first and second fixed comb drive members, each of the first and second comb drive
members having a respective elongate member with respective comb drive fingers extending
30 from one side thereof; and
the moveable comb drive member includes two sets of comb drive fingers extending in
opposite directions from the center beam towards the comb drive fingers of each of the first and

second fixed comb drive members;
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20wherein the first and second conb drive assenblies when electrically
energi zed contribute electrostatic force in the sane direction of notion
such t hatwohelocionizidri ve fingers of the noveabl e conb dPCrasaeivarsso of bot h
the first and second conb drive assenblies sinultaneously nove towards the
conb drive fingers of the respective fixed conb drive nenbers of the first
and second co druﬁe ass nblles 25 2. The electrostatic drive

actuator of CVAFRNthe PRl cual drigt mepbet 15y 0pveaRly REBRSAGD %g‘?ﬁ’) PaiioRe in

assenbl i e@midchthd b&fib URE BERSS of the moveabld Eontb & HAERNNE ifXe dixed e&n@l akive
nmenbers, each of the first and second conmb drive menber s havi ng

respect | WETEPLHY DS ssraRbEFedGoMy drive prettey are Parlly vaptqdnéer%w@sl tpeﬂmrhg 30
from oneisiyfigh tebaBfdrivaMtgers of the iR HBY &Y EriveQTEnEH: b EoBIMRE skl ides
two sets of conb drive fingers extending in opposite directions fromthe
cent er> bewatbtﬁ/md%dltwene@g% agy injesdigitiere gl efhllea&sltletl in p&ich; the goravdrisecond
fixed COIF;E é]l§ btv & @%@P@ FiRed co\ﬁ@ &%%&@Jel%.[% Lﬂé?Qﬁt@té Qe?tg'?ﬁ@le moveablé’\‘aﬁﬁt?' n
the roveabfe Ive nmenber 1's noveab etween the first position in
whi ch théﬂedmbndﬂwven®KWQeﬁ§»of t he noveabl e conb drive nenber, the first
fixed conb drive nenber and the second fixed conb drive nmenber are
partially overl apped, the second position in which the conb drive fingers
of t he f i3r st Tha@ebtlcsmﬂb: @hnihkbivmctbapr @rdaion® wiikreihé e tsond pQSh®n&hvaeabl e

conb are nterg ted angd a thlr 05|t| n in e conb
. . no over aé) ett een tl e CcO n ers O e second comb () meIP r and t et
drive |ngers f secon |xe 1 Ve Treber ““ahd“t other of the

sets of nheamnmeamkﬁwenmbmdmlve nenber are interdigitated. 3. The

el ectrostatic conb drive actuator of Claim2, wherein, in the second
position, there is 10 no overlap between the conb drive fingers of the
second fiuxed Tededlfobtuge omtedveaddchatod ®f TRV 2D h@eedith @e el PBNMdES there ih. The
el ectrostatic _conb drive actuator of Claim2, wherein, in the third
p03|t|onn°ﬂW€@%’P?WHH‘HWergbd%ﬁt@E%ﬁgpﬁgl c Bftb Tgpq GemP jdsiye racrgfier 2Ad the ¢ st

fi xed;£opveiblav@nieiemeadd: t he 15 noveabl e conb drive nmenber 5. The

el ectrostatic conb drive actuator of Claiml1l, wherein a nonent around a
center of the flexure spring assenbly is cancel ed when an el ectrostatic
force pe rspendmétéleertmtt@ué Bt RCchAir OF CMhi 10 hekint DRoIRNEANHR cQmRy dF i ve
menber on each of the first and second comb drive 20 assenblies is in a
sane di r detfiegnre spgng apprnbdy seangsipd athice ag oapiragiali oreccpatizpndicular odhediracBon

wher ein gy ke 3P AEAbyAbclMACHIR HLhNE dhl QERTE o rANERLGAPLENE AR, dri ve
menber in the direction perpendicular to the direction of notion of the
noveal e assombliadns e spwpdeection. cancel ed when the el ectrostatic force on each
25 of the first and second conb drive assenblies is in opposite directions.
7. The electrostatic conb drive actuator of Cdaimb5, wherein a displacenent
of the cénb dThyeemkm@9¢smnmdﬁhemeMeaﬁKﬁMuoﬁbWMnﬁnewhgmbammﬁnﬁanmomb

g:, r \e/gt 'rrgﬂ 11? ef:rnsdolfctfile I%{)Vf:t theR Irlr ci:e rﬁltseI g%r d%he nEeIctcl)orn a[%%pezgﬁulgrot\(l)efge dlrecg ion

of motlon of the moveable comb drive member is canceled when the electrostatic force on each

25 of the first and second comb drive assemblies is in opposite directions.

7. The electrostatic comb drive actuator of Claim 5, wherein a displacement of the comb
drive fingers of the moveable comb drive member in the direction perpendicular to the direction
of motion of the moveable comb drive member is minimized on the first comb drive assembly
30 when the electrostatic force on the second comb drive assembly is greater than the electrostatic

force on the first comb drive assembly
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30 when the electrostatic force on the second conb drive assenbly is
greater than the electrostatic force on the first conb drive assenbly WO
2010/ 121 R 0ORCIV1IE2010/ 031380 8. A M cro El ectro- Mechani c2CTSp3010081(3RENS)
device, conprising: an electrostatic conb drive actuator including: a

fl exure spring assenbly; and first and second conb drive

assenbl igs, each coupled to the flexure spring 5assenbly on opposing sides
t her eof , Seach”dfck e??%%@“ﬁﬁﬂd§ﬁgﬁﬁdwggﬁg‘%%g%ﬁﬁwp%§n$ncluding: a

fixed conmb driv@ediBERES cIadVdrRg adla6l i@0lg@he menber with conb drive fingers
extending fromone side thereof; and a noveable conb drive nenber having a

center beam coupl edlexgrersREN &4 eBlGr@dspri ng assenbly and conb drive fingers

extending from oneisl 81 cohd@omBNURE REIMIEOVBELTLNE GONR: HEkME shiimger s
of the fixed conb drive nenber; wherein the noveabl e conmb drive

menberS i s novesaBnly et orpeping sfdep skergrds pachopf tha iR el sasend 6amb awieplies nger s
of the nnveabﬁgmgﬁgb drive nenber and the fixed conb drive nenber are
partially overl appeéd and a second position in 15 which the conb drive
fingers of the noveabl @ fofisonib idviee memberrhazing anlgbonRitg agmbeniyity comle drretrber
are interdigitated. ' ' the flexure spring nenber;
wherein the conb }lg\glrg%gﬂéﬁcgrégfsrg%?)gé %lﬁ(aﬁgfe%gf’g{%ﬁjal |y between the first and
second conb drive assenrbhpesblandmpl doednsybardtavingad Fentabwamn euplgdrtetthey axi s
200f &ye flexure %?ri q, assenblg

eP

oS82 SIT0LY) paeglrg:grqgi riu!: h érg ex ercliciirli £ rE)rinoor}leOs{derI)?ttfnlé) n of
the nbveabl e conb ‘df I vePHERDEr: = and Ve Hng £
center beam towards the comb drive fingers of the fixed comb drive member;
wherein the moveable comb drive member is moveable between a first
position in which the comb drive fingers of the moveable comb drive member and
the fixed comb drive member are partially overlapped and a second position in
15 which the comb drive fingers of the moveable comb drive member and the fixed
comb drive member are interdigitated to cause a displacement of the flexure
spring member;
wherein the comb drive fingers are divided equally between the first and
second comb drive assemblies and placed symmetrically about a symmetry axis
20 of the flexure spring assembly perpendicular to a direction of motion of the
moveable comb drive member; and
wherein the first and second comb drive assemblies when electrically
energized contribute electrostatic force in the same direction of motion such that
the comb drive fingers of the moveable comb drive members of both the first and
25 second comb drive assemblies simultaneously move towards the comb drive
fingers of the respective fixed comb drive members of the first and second comb
drive assemblies
a displacement multiplier coupled to the flexure spring assembly of the electrostatic comb
drive actuator, the displacement multiplier including:
30 a pair of springs symmetrical about a central axis of the displacement multiplier

parallel to a direction of force applied by the electrostatic comb drive actuator to the

displacement multiplier as a result of the displacement of the flexure spring assembly,
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wherein the first and second conb drive assenblies when electrically

energi zed contribute electrostatic force in the sane direction of notion
such t hatwohelocionizidri ve fingers of the noveabl e conb dPCrasaeivarsso of bot h
the first and 25 second conb drive assenblies simultaneously nove towards
the conb drive fingers of the respective fixed conb drive nmenbers of the

first and second nb drive. assenbljes . dis ment. nul tiplier
coupl ed t o t hech Pgﬁ’ﬁ SBIRESHCHIg S&?Tbr{%q 31“‘(%101% Hgthélf%‘g‘f F‘Efg'f%{?l? liencig i digretion

act uat or, e%gyﬁgka@ﬁmmﬁgmﬂ%ﬁ&hgmhg%ﬁhncIud|ng 30a pair of springs
synnetrlcal out a central axis of the displacenent multiplier paraIIeI to

a direction of fored¥planelgd Wamﬁée%@eé%ﬁm%taﬁlcab%n%e @Platvé agie tandtedrh t o

t he di spl acen@RtngMUlrticRl b&ipl@So & c58S onEB?th@B&Pb%ﬁ it of the flexure
spring assenbly, = WD 2010/f21121PCT/ 820 0/ 031380 each of the sprlngs bei ng

stiff 3n the direcétPdh obfPitdve syameicantboub il Feniel ianis gandi pastqogpled (o a
per pendi cul ar . 4.Qq Cﬂofl&ng ShEOF RN oft é}ﬁlefd%%ﬁl members a@ écu% @&9?@& eam

menbers symetri out the centr axi s an each ng a t end
coupl ed to a domespond! g rehef gfiglehbeapninembérs élprdsmlse t%laotpm of thé ppii 0Ot s
symmetri cal q& % the central axis and each coupled to a correspondi ng one
of the pair o gl ed beam nenbers at a respective pivot point to allow
rotation of the paHthpmmnbhmg%bﬁamwnﬁmbdwytﬂm<m98¢GHSGHMGHMDtmqubt>dhe
pair f sprin nmetrical about

t he cgntral d%ﬁgméﬁ Og%%rmﬁ%mdnégn%ogéeﬁﬁggégol m?mggborrespondlng one
of the pair of anglpad obﬁglfhbﬁé)nhemBers symmetéicgdabdut th‘e centgil dxib aateante hdengsa
symretri cal about .the . centra aX| and hav:n ) first end coupled to a
correspondindgﬁﬁ@dS?m¥%§D?FP§?mB% Cﬁ%ﬁgggpaﬁﬂ hinges; ad gecond pair of

hi nges symretri cala sah@utpair e hinged s’yaimeaﬂdaii alsoud (R aehrt axiplagdleich cdusec e end
of a corresponding one of the pair rigid bod% menbers, the first and

second 15pai r oI el ﬁ@%gor‘éﬂsﬂ’mnﬁﬁn? 8@ e P%iﬁoﬁ)‘:fgl‘il %dyﬁﬁ‘?r?bebqﬁ tHejtigit@ng gggnd
menbeis in resRQRSRink® ABHiRRo@fiod fRhPpdiF ofdfgiEBSdyNBkSibedNd response to motion

of the pair of springs; and

a MEMS moveable element coupled between the second pair of hinges;

wherein the force applied by the electrostatic comb drive actuator on the displacement
multiplier causes an amplified displacement of the MEMS moveable element with respect to the

20  displacement of the flexure spring assembly.

9. The MEMS device of Claim 8, wherein each of the first and second comb drive
assemblies further includes:
first and second fixed comb drive members, each of the first and second comb drive
25  members having a respective elongate member with respective comb drive fingers extending
from one side thereof; and
the moveable comb drive member includes two sets of comb drive fingers extending in
opposite directions from the center beam towards the comb drive fingers of each of the first and
second fixed comb drive members;
30 wherein the moveable comb drive member is moveable between the first position in
which the comb drive fingers of the moveable comb drive member, the first comb drive member
and the second comb drive member are partially overlapped, the second position in which the

comb drive fingers of the first fixed comb drive member and one of the sets of the moveable
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a MEMS noveabl e el enent coupl ed between the second pair of hinges;

wherein the force applied by the electrostatic conb drive actuator on the
di spl acerwotomui2tizpl i er causes an anplified di spl acenmen®Cofustére/0bBR5
noveabl e el enment with respect to the 20 di splacenent of the flexure spring
assenbly. 9. The MEMS device of Claim8, wherein each of the first and
second conb, drive assenblies further includes; , first and second
fixed coft™y glilYFemﬁ%%é‘FeslPte@é%ﬁt%‘fang A&hifd position ywhigh B’i‘?&o‘&% (5 Vatipsres Pghe
menbers kavhdgxd doRPREELInenRl HMOMRE ShEEHMBE séd sthE BSPQBGL! A6ebCRIVE nibihibée
fingers extending fromone side thereof; and t he noveabl e conb drive
nmenber | ACIINEEEIRRE sets of conb drive fingers extending in opposite
directions fromthe center beamtowards the conb drive fingers of each of
the first and second fixed conb drive nenbers; 30wherein the noveabl e conb
drive Tredber The MIMAskecoef wdam Phehdrpinsin B $Eeond popiHomHheR it e WA dri ve

fingers aluklBenrRyalli FATR b ScdRTREA cohB8iild hihn s ARPufho @ sTPaRET and
t he second co drive nenber are partially overYapped, t he second position
i n whi chdtifeemeobds. dri ve fingers of the first fixed conb drive nenber and
one of the sets of the noveable WO 2010/ 121121PCT/ US2010/ 031380 conb drive
menber are interdigitated and a third position in which the conb drive
fingers df. t hEhsHEdOddvickofl Chontd, whérvie, imelndidird aoditianh thewtiher oafrlap hetwset s of

t he veabl e co dri ve ‘einterdigitated 5 . The M5 devi.ce of
i mi, rgpds entsfls SRS B PhR SRbEIRY oy B AR R RS e
conb driwenbkengers of the second fixed conb drive nenber and the noveabl e
conb drive nenber. 11. The MEMS device of daim9, wherein, in the third
position, there is no overlap between 10 the conb drive fingers of the

first fixed combMIIMYeeedrbe Clamds, tvierdid\aabbiethe aptingr is vecdimiiagy strut@ire The
MEMS device of Claim@8, wherein each of the springs is a conpliant
st r uct ur 1A Hghapebehped beam 15

15
13. The MEMS device of Claim 8, wherein each of the pivots is a compliant structure

forming a cantilever beam.

14. The MEMS device of Claim 8, wherein each of the hinges is a compliant structure

20 forming an S-shape beam.

15. The MEMS device of Claim 8, wherein corresponding ones of the first and second pair of
hinges and the corresponding rigid body member therebetween form respective rotational joint
systems in which motion in a direction perpendicular to the direction of motion of the
25  electrostatic comb-drive actuator is magnified and transformed to the direction of motion of the

MEMS element.

16. The MEMS device of Claim 15, wherein corresponding ones of the pair of springs, the
pair of pivots and the pair of angled beam members form respective lever systems, wherein the
30 lever systems and the rotational joint systems are placed symmetrically around the symmetrical
axis to transform rotation motion into translational motion corresponding to the direction of

motion of the MEMS element.
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13. The MEMS device of Claim8, wherein each of the pivots is a conpliant
structure formng a cantil ever beam 14. The MEMS device of O aim8,
wher ei n esiolowf12utze hi nges is a conpliant structure 20 fPPormispgoas13$h shape
beam 15. The MEMS device of Claim8, wherein corresponding ones of the
first and second pair of hinges and the corresponding rigid body nmenber

t her ebet ween form respecti rotational joint systens in which notion in a
di recti on’per PR “?8¥&HHHEH%EEFF8WP%$H$Dtion of the 25 electrostatic
comb-drive aciuplselont 2ddBeMI fel@bo@R EdndddRr Mathdracoupied db RS tisPcedfent i ON
of the MEMS el enment. 16. The MEMS device of Claim 15, wherein
correspoﬁWﬁH@ebnes of the pair of springs, the pair of pivots and the pair
of angl ed beam nmenbers formrespective | ever systens, wherein the 30 | ever
systens and the rotational joint systems are placed symretrically around

t he syimddri caldigwkdcgmens mylplier derise @i »Aigrptlilenror Me@anied nyptgm; éWSth i on
cor r espongi; .direction of notion of the MEMS el enent. WO

50107 10115 s BB/ 081580 17 The NEWE devi e of 'l ai m 8, further

conpri sing: a pair ofapringsasymnmtiecad efefivt i oerdtal eliecf tho displatamand myltighievarallet uat or

coupl ed he..di - |11 LI .6%%b%) £ L Rkd for
sewi ¢ hy e ch SPARESTERl I b RAARL el it 3Ph LB EHnaTHLbL Rt Y

a pair otheslectngsf sherfmet padca@impdibout a dirgéint parperabaugr of the Hieeotips pf the Gment
multiplier parallel to. a direction of a force applied .to the displacenmrent
mul t1 B er " okgh Greot R Bl bRGEYE oo @l RESF RRRAG L od O BB ERRET e
and conpkndaatupien t@a cirfegainiimp opesfuaapiiceflsaringsp t he direction of the force;

10a pair of angl.ed. heam nenber trical about the central axis and each
having a first PERY REUpIEETEGe] REH RSO ) et QB SR FoBrrepfigs.
a pair obnpoiat pais yMiladiteah nadddts dt Aeepenive plvoaysist dndoeachtiaoshephit 0 a
correspondi ng one of the pair of angled beam nenbers at a respective pivot
poi nt t 005t tFGP&FPﬁﬁ“é?“?M%“%%P?O5?‘%Hﬁﬂ%ﬂoﬁgﬁﬁﬁ%enbers in response to
not i ops of t hea RAL pai0df $idel BESmeHSA abdui fe BRtkd] aQk aftl HYR SoHYINB L kbGadl e@bout
the central axis and each coupled to a second end
of a corresponding one of the pair of angled beam members;
a pair of rigid body members symmetrical about the central axis and each having a first
end coupled to a corresponding one of the first pair of hinges; and
a second pair of hinges symmetrical about the central axis and each coupled to a second
20 end of a corresponding one of the pair of rigid body members, the first and second pairs of

hinges allowing rotation of the pair of rigid body members in response to motion of the pair of

springs.

19. The displacement multiplier of Claim 18, wherein each of the springs is a compliant

25 structure forming a U-shaped beam.

20. The displacement multiplier of Claim 18, wherein each of the pivots is a compliant

structure forming a cantilever beam.

30 21. The displacement multiplier of Claim 18, wherein each of the hinges is a compliant

structure forming an S-shape beam.
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of a corresponding one of the pair of angled beam nenbers; a pair of
rigid body nenbers symmetrical about the central axis and each having a
first endwoaupliedizio a correspondi ng one of the first pacm/ustoliosges; and a
second pair of hinges symmetrical about the central axis and each coupl ed
to a second 20 end of a corresponding one of the pair of rigid body
menbers, the first and second pairs of hinges allowi ng rotatign of the pair
of rigi d Zpody hrefibRipenept paliphisel FEIHOES: SResin eoespatinggnes g |t%galf of 19,
The di Spls@ﬁ‘%ﬁreﬂhé pa! & Mol bdfn embe b8d MOBRIRIN BREN @ fhRcBRY 10EEgd S @
conpl i ant structure formng a U shaped beam 20. The displ acenent

nul tipl i leclypisgsaihay maenifian épwtéam%a%meltth@s?ﬁlam yithsthg fogrptplist tthquct ure
form ng aispRfidnEYERiphgam 30 21. The di splacement nultiplier of Caim 18,
wherein each of the Rlnges is a conpliant structure form ng an S-shape
beam 5 WO 2010/ 121121PCT/ US2010/ 031380 22. The di spl acement nul tiplier of
O aim 1893 heigl fs cheﬁﬁﬁtpﬁﬂﬂ%ﬂ& SNinP L e AR brQpordid BER of tREriRRLAa Of
angl ed beam ne an air of pivots form're pective | everage
nechanisa%nnﬁamrnﬁ@mgﬁyn@nhqﬂmuﬁmdﬂ@@H@mbh@hvnasgndh@mm%WMmﬂhmih@ﬁﬁbmte
appl i ed £ | lier
or "l ai rr Pl oig e R REE B Wil Breciin ieendiadto I AR oo LEy

hi nges aﬂdfﬁhﬁoﬁamn@amehdnmqDMngdn@mdydmmmb@mﬁuhedebeﬂmemnnbbnmn@e@hect|ve
rotatlon n a direction perpendicular to

the ditr e@JfENgg%pfneWDctouelr?%?tw?ei\%\lghee’feé%qdrpgg Oabmée(:onb drive actuator is

magni fied and transfornmed to a direction of notion of a 10 MEMS el enent

of 01 o mi33,  WRePBRACEEN BeBaien o BB i ek G B T EsFengE o R phrr  of

pi vot s agglidghahPpdif oOfivanghethe Peisr aRNRE NS QEMbIre ERAGEIpYQIvE @MeT syBKalseNs,
wherein the | ever systens and the rotational joint s%stens are pl aced
synmmet ri EVQFIIGVI B¢ SRS RS £ad QVrFﬁ@fl?ffaé&%mtéX?t%mi retlashS PERRe AN IR | on

:VEI[VE Ul’ a@ﬁhl?&&l@ﬂadx1sr@t trBFoBRHRENP LB idi® tlah@arfbinfICGbihiNc RfespiRlingNo Qe t he
el enen
direction of motion of the MEMS element.
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