DATA STORAGE MODULE SUSPENSI ON SYSTEM The Field of the Invention The
present invention generally relates to data storage devices, and nore 5
particularly to a suspension systemfor a storage nodul e used in high
density data storage devices. Backeround of the Invention It is well
recognized in the field of data storage that it is desirable to increase
the storage density and reduce the cost of storage in infornmation storage
10 devices. This is generally true for all types of information storage
devi ces, such as magnetic hard drives, optical drives, RAM devices, and
ot her information storage devices. However, it becones increasingly
difficult to squeeze nore _information. i devi ces. Moreover,
conventi onal technol ogPéEAts&?ORﬁ&lFé“PRH%E%@SBTE‘g%é’%d@{/@@@% may be approachi ng
fundanmental limts on storage 15 density. There are many proposed
alternatives to increase the storggg densinlehigf Storage devices. Some
exanpl es are Scanned Probe M cr ) om c_ Force M croscopy,
Scanni ng Tunnel i ng Mleposeaoipyenfi@Eeperalixeites v dfagtorage dKEnifd@9r cal

M croscopy, apnd ' =0 660\ GO BE PiMage FRalle @bd inhighderdi®y pr oposed
alternatives asp%%‘g]ma}\}gage%cef?% and det I’gl ments. Sone are extrenely

expensi ve to buidatstomentevisese difficult to inplenment; others have linmted or
poor resolution and bandwi dt hpaddiduhd éfitheingenkiave poor si gnal -t o- noi se
ratios. Even if one is successful .in j.ner i . density,

anot her maj or hurdl E'ﬁﬂ%‘fccgﬂlﬁekmggr}%’@é’?%aga?rsgo.r&gg%@ﬁ? ?%g%b?‘gg the tine
required to accefGedsdnte Aagetdersipyiand reduge thetcpsd of StARSE IHROTIAY SIOT28E | y put, a
storage device's, utility.is I, ot Ifoed dF i SfonsORed RFigest sach et ri eve t he
stored infor ti‘éfﬁfwsht)rgl)’r{rﬁftgfneefaht\%tf&%t"";speé%sftl%ﬁge density. .ln other words,
in addition to hisghgstiohaddivaepsical frives RaMgryices, prd QlperinlRfBANT, )i ckl y access
the information.  ln . UeRes AR, iNReonRs ROréas@y difficultitdxguaezegtoral ., an

ul tra-high densit 0 storage device which pro%i 903‘?“&%" sgd storage
density while haipforrmptipnisto thestamage deviceg Moreoxer, Gom R S rates is descri bed
and cl ai med. TheplelifRe fRMS dévceShataaproadeny fomlaméntBlibEon sf3gdt . i s based on

the use of electron emtters, which are made
15  density.

There are many proposed alternatives to increase the storage density of
storage devices. Some examples are Scanned Probe Microscopy (SPM), Atomic
Force Microscopy, Scanning Tunneling Microscopy (STM), Near-Field
Scanning Optical Microscopy, and Scanning Force Microscopy. Each of these

20  proposed alternatives has its own benefits and detriments. Some are extremely
expensive to build; some are difficult to implement; others have limited or poor
resolution and bandwidth; still others have poor signal-to-noise ratios.

Even if one is successful in increasing the storage density, another major
hurdle must still be overcome. Specifically, the time required to access the

25  stored information must be small. Simply put, a storage device’s utility is
limited if it takes too long to retrieve the stored information, no matter what it's
storage density. In other words, in addition to high storage density, one must
find a way to quickly access the information.

In U.S. Patent No. 5,557 596 to Gibson et al., an ultra-high density

30 storage device which provides increased storage density while having fast access
times and high data rates is described and claimed. The ultra-density storage

device of Gibson et al. is based on the use of electron emitters, which are made



t by standard sem conductor fabrication technology, and which emt beans of
el ectrons fromvery sharp points. In one enbodi nent of G bson et al., the
storage device includes many electron emtters, a storage nediumand a
mcro nover. The storage nedi um has nmany storage areas, and the el ectron
emtters 5 are spaced apart to have one emtter responsible for a nunber of
storage areas on the storage nedium In one enbodi nent, each storage area
is responsible for one bit of data on the storage device. The nmediumis in
close proximty to the electron emtters, such as a few hundredths of a
mcroneter to a few mcroneters away. 10 Each field emtter generates an

el ectron beam current. Each storage area can be in one of 2l few different
states. In one ePbb%@F‘%?FF‘,‘C°M“ﬁ‘8’rf9chﬁP6f°ﬁlﬁ’ﬂ°%a’?dswm%‘teﬁ?tg’ﬁf"}sr? the areas, with
one state represgpirbiidroth viyGharppdintanelodrmbstanenssfatizon eteiesent i ng a | ow
bit. Wien an electron heam current bonbards a storage aneg....a signal
current is generﬁ?’éﬁf.de‘?ﬁé“%&ﬁf??‘ﬁalggé)?erf"ﬁ%rs’saisgrr?éﬁ&curr%ﬁtgguc %pendg on 15
the state of thamosk.oragerage ealiuniiasimanyistofage aredsi awthg elegtiegenifiers he ar ea can be
read by measyrifg, a&%ag%l@h&vk'% effitel BSoSHH S 2 fukibér@Ndtoradeafegyd¥BL i ON can be
witten onto "the Storage areas using the el ectron beans. lhe magni t ude of
each el ectron btaspregamedam. feens smbagimeat, sach steragearea iresBoR Y o change t he

states of the stgla98fdd! RAdheQlbraphiedide. | The mdfliuh @6 cloByroginfingithg t he state of
a storage area, information i i ont o étér.maLéevlge t he el ectron

20 IS wii t&ﬁe@_ :
emitters, the ni EPEORFHEFSSChALAHEY Bl ¥3IUTRPAF ° W&o fabrication
techni ques. The middn@tersavey. scans the storage nediumw th respect to the
electron emtters or i ver LaLN &M LkEk ElNasekans | nformation
froma nurrberltoof storEgcghg%ng%%?%eﬁ;{ﬂ Z'mgt orage nmedi um V\?’tﬁg%ZS,hundr eds or
t housands of el ecinbeir coprpfatfey differens dptay LaerseBbodisat PRYY IHIBYRLS on in

paral l el , the stgragg wleVhsihaR sMRhprdsdfiby Afghamand indher sard data rates. To
assure that the storage mediumis accurat i n.to anga‘réaead as it is

i ow bit. n %l c:eI ¥ Vewn{l%?t% {isastora :
moved by the mi creprepmiagradow pit- Whenapelpirapbeam eprzent JOIOLE A SIAE" FEdi um to have
conpl ete ease of ,gpral Qrehtis defiatqdl IREmARhinidbief it stgneigeremsdipends cand t o have no
S0 motion in the, direct) 0o da! the, ikBSuRbRFal ub S &b B AAHyTedi um I n

measuring the magnitude of the signal current. Information can be written onto

the storage areas using the electron beams. The magnitude of each electron

beam can be increased to a pre-selected level to change the states of the storage

area on which it impinges. By changing the state of a storage area, information
20  is written onto it.

Like the electron emitters, the micro mover is made by semiconductor
micro fabrication techniques. The micro mover scans the storage medium with
respect to the electron emitters or vice versa. Thus, each emitter can access
information from a number of storage areas on the storage medium. With

25  hundreds or thousands of electron emitters reading and/or writing information in
parallel, the storage device has very fast access times and data rates.

To assure that the storage medium is accurately written to and read as it
is moved by the micro movers, it is desirable for the storage medium to have
complete ease of motion in the plane of the storage medium, and to have no

30 motion in the direction normal to the plane of the storage medium. In this
manner, the distance between the electron emitters and the storage medium is

kept constant.



manner, the distance between the electron emtters and the storage nedi um
is kept constant. 2 Although it is desired that the storage nedi um nove
only in a single plane, achieving this result is difficult. For exanple,
the mcro nover-is intended to nove the storage nediumsolely in the plane
of the storage nedium (i.e., in the X-Y plane). However, dependi ng upon
the type of mcro nover, 5 there may be a tendency for the mcro nover to
nove the storage nmedi umout- of-plane (i.e., displace the storage nediumin
the Z direction). Also, environmental factors such as vibration may cause
or contribute to out-of-plane novenent. Qut-of-plane novenent may be
restricted by decreasing the out-of-plane 10 conpli nce.. npliance refers
to the ease with whi e"ch?%éltssth?"éejg‘a‘ngfo‘?Wmﬁ@%g’? G He Hier conpl i ance
meani ng | ess r eshiiARBRviHOHIIRENE Bifficullomve waimple, theasitroimevérig t he out - of - pl ane
novenent of the storage nedi um by decreasi.ng the - Of - conpl i ance
often results i n“’éeéﬁerdg%lg’%‘ﬁdd?eﬁpﬁggwé‘g% ﬁ?)f 15%185&%%%0%&%@%@@& i nrerI ane
conpl i ance may b@.es tifthd XiYeaitine)t Howeler depeddingapdndlesttynelobmic® roQyek at i on of t he
menory devi ce .because the for ] didioeer are
typical ly not Sve&;?ms"fay %‘F\%‘.enq%?&t? ﬁ%ﬂ%&%ﬁf‘ﬁ*ﬁg?ﬁﬁ?@%@ suspend t he
st orage nmedi um i of-glanegiren displask the istorragapedivnhia the Ztdirectign). MOl ane t o
out - of - pl ane = CORRLLANGE felrltCouck ATRdBARS, dafe bPkohribite RIoWLFAPOSSI bI &, A
suspensi on system design Ich increases the in-plane conpliance while
mai nt ai ni ng, or 2OVIMePF ovi ng, the conpliance ratio is desirable. Sunmmary
of the Invention A Mgk-6r@ine Govdnenmedydaeatitteddy dia®@sipg by owtesplans i nproved
i n-plane conpliance and.conplianc [Oigt] j inglydes a noveabl e
nmass 25 suppglgt e&"W °f'nc%mpfq$"§ﬁe@.e 8&§E%gg}%piﬁﬁh§ﬁér%g§gcvkd3§an the frame, a
First flexure exbendsithhéghowsempliahes meaning less epsistanse fomgygpmenhfoXeNelh e sof t eni ng
el ement Is posi Hstgptﬁ)g HRSLNRS AndmbVefast oftBEstd¥ige Midiuh by Sdcrehdifothr € and t he

a

frame to all ow angu nmovenent of the first flexure. 30 ﬁ{ii ef Description
of the Drawi ngs out-of-plane compliance often results in decreased in-plane compliance. S

decreased in-plane compliance may be sufficient to adversely affect the

15  operation of the memory device because the forces generated by the micro
mover are typically not very strong. It thus becomes a balance to suspend the
storage medium in a manner which makes the ratio of in-plane to out-of-plane
compliance (the “compliance ratio") as high as possible. A suspension system
design which increases the in-plane compliance while maintaining, or

20  improving, the compliance ratio is desirable.

Summary of the Invention

A micro-electro-mechanical device provides an improved in-plane
compliance and compliance ratio. The device includes a moveable mass
25  supported within a frame. To support the mass within the frame, a first flexure
extends between the mass and the frame. An angle softening element is
positioned between a first end of the first flexure and the frame to allow angular

movement of the first flexure.

30 Brief Description of the Drawings
Figure 1 is a top view of a single rotor suspended within a frame.

Figure 2 is a greatly enlarged perspective view of the area 2 of Figure 1.



Figure 1 is a top viewof a single rotor suspended within a frame. Figure 2
is a greatly enlarged perspective view of the area 2 of Figure 1. 3 Figure
3is an illustration of beam novenent and torsion according to one

enbodi nent ‘of the invention. Figure 4 is a top view of angle softening

el ements according to one enbodinent of the invention. 5 Figure 5is a
greatly enlarged perspective view of the area 5 of Figure 4. Figure 6 is a
top view of angle softening elenments according to another enbodi nent of
the invention. Figure 7 is a greatly enlarged perspective view of the area
7 of Figure 6. Figure 8 is a top viewof nultiple rotors suspended within
a frame. 10 Description of the Preferred Enbodi nents In the follow ng

det ai | ed descri pti on FigureYiganiPestration gfbeampotrmsphipdtorsiop agegidiog % s ade to

t he acconpanyi ng ogd aodifent Yith€fivenédnm @ part hereof, and in which is shown
by way of illustratiqn specific. enpodi nents in ich the 15 invention may
be practiced. It is th)guEfg‘*lﬁﬁﬁgrlg‘f’ggad‘glfE‘i}emﬁﬂ%‘}méﬁ%g&}nﬁg% ng my be
utilized and st r embadinsdnt afthelivgntoal changes may be nmade wi t hout departing
fromthe scope of the;, | i I ; Setatelsed

descri ption, %t her ef gFrl%,Feeilslgp 8%19%@&%%%%%?&??{395@%% ng gg}ense, and the
scope of the present Figumtdng fopmicw of aagle pofleringrlements acepddR A1 ai ns. 20 One
enbodi nent of a RjelsAanFideYnvetRhade nodule 10 is illustrated in Figures 1
and 2. Storage nodule 10 includes a rotor 12 and a fr 14 for supporting
rotor 12. Rotor 12 i Figysfsieercatly enlprgedpepeatiyguicy 8 hp e LOHFIBHGE 18, | eft
edge 20 and right edg®muaa isd g view oniulfipcetorduspéndedvidin dffamdtef i nes an X-Y

pl ane, with t@p edge 16 and bottom edge 18 aligned with the X-axis, and
left 25 edge 20 and ri ght ‘iﬂ ?1 %gn(ﬁ‘ltﬂ ci\fgrrgélnb#hﬁen S axis. Front face 24 of
rotor 12 is forned fron1a1§im%aﬁf7ﬁ§#b plurality of storage
areas 26 for data stlothaflowinp detaleddeayiptionofthe preBredambatimeiiseri cal | y) are in

one of a plurali e Qfe is fladd 6 e hQomPRYRS@Mingd MhRh R Psht hefeof, Bt ar ea. Rot or

frame 14 is spaced fromrotor , . i . R
in which is shown by way of illustration specific embodiments in which the

15  invention may be practiced. It is to be understood that other embodiments may
be utilized and structural or logical changes may be made without departing
from the scope of the present invention. The following detailed description,
therefore, is not to be taken in a limiting sense, and the scope of the present
invention is defined by the appended claims.

20 One embodiment of a high-density storage module 10 is illustrated in
Figures 1 and 2. Storage module 10 includes a rotor 12 and a frame 14 for
supporting rotor 12. Rotor 12 is bounded by its top edge 16, bottom edge 18,
left edge 20 and right edge 22. The front face 24 of rotor 12 defines an X-Y
plane, with top edge 16 and bottom edge 18 aligned with the X-axis, and left

25  edge 20 and right edge 22 aligned with the Y-axis. Front face 24 of rotor 12 is
formed from a storage medium that has a plurality of storage areas 26 for data
storage. The storage areas 26 (shown generically) are in one of a plurality of
states to represent data stored in that area. Rotor frame 14 is spaced from rotor
edges 16, 18, 20 and 22. In one embodiment of the invention, rotor frame 14

30  surrounds rotor 12 in the X-Y plane. Rotor 12 is moved by a micro-mover or
actuator 28, which may be, for example, located on a back face of rotor 12,
opposite front face 24. A micro-mover 28 is generically illustrated in Figure 1.

(As used herein, directional terms such as top, bottom, left, right, front and back

4



edges 16, 18, 20 and 22. In one enbodi nent of the invention, rotor franme 14
30 surrounds rotor 12 in the X-Y plane. Rotor 12 is noved by a m cro-nover
or actuator 28, which nmay be, for exanple, |ocated on a back face of rotor
12, - opposi'te front face 24. A mcro-nover 28 is generically illustrated in
Figure 1. (As used herein, directional ternms such as top, bottom left,
right, front and back 4 are relative terns, and should not be construed as
alimtation on the overall orientation of the storage nodule 10). Rotor
12 is supported within rotor frame 14 by a suspension system conprised of
external flexures 30 and internal flexures 32 which interconnect 5 rotor 12
and rotor frame 14. Flexures 30,. 32 are also ref.er ei n as beans.
Many MEMS devi ce@readaive fsims: 3dshosld “ﬁ‘ibﬁf%?s?“éi?slaégﬁftg@ eoseléﬂﬁ(év%?{f | exures to
support noveabl e of@fatieBof tietstorage bdrlerlOsyst ens. The fl exures supply both
support for the mv%polr?% gﬁ@goﬂﬁ%lﬁiﬁmr'ﬁ%@ﬁl Jersusﬁ)HﬁiOH?y_%@manenent s. As

di scussed above, it iSO esirable to have a _suspension system 10 which
provi des hi gh comphirasins eitemal flexuses 30 a50 iptranal flexursy 2PICAHEFTHte) and | ow
conpl i ance in (i (§&tH NS RHkanR141 RBwés Y0, B2 @B lsd Oldiredad hptimmebemsnpl i ance) . A

hi gh conpliance ratio tends to maintain.rofor 12 wthi X-Y plane and
facilitates bett danpMEMSdeHres yfe “E‘ﬁ'&dﬁﬂﬁ’bﬁ’?}aﬁgﬁtf%%mf (r’{cdrg’é&é%?%g the in-pl ane
conpl i ance may b@u6k AoTRablSMaSEs withifthes syskemp Tht Bexwree supply botgpperk anpl e,

i n-pl ane conpliance ma i ncrease | ~axial shortening of

t he beans or fIeSﬂﬂﬁgwx?ﬁgf“ﬁ??g%?mgﬁgy%gégg%%F%¥£?ﬁéy tend to becone
shorter in the axial Al disetsddaboveitis eften desirablatphavea sPOYOLSYHER r ease in the
in- plane conpighes ro%ag%?gﬂ%%ﬁlﬁﬁzcmﬁeXl?ip‘}ana(ih-alhne%bﬁpﬁaﬁai)ﬁgltfvas t he effect
of increasing the |ﬁ-p.ane conpl 1 ance. E@ﬁéhefsps ens&g&zsxsten1shomn in
Fi gures 20 1 and compliapge ingirsptions. oy pfitherty Y BRAHCHD B %@rélﬁ 0ol i ng bl ocks 42
has the effect OfyighcoRpRRSadtbRGds 10 maiatiinadtord R eitbie the KgY plnessed er nal  f | exur es
30. The in-plane conpliance of. thﬁsus;gggk%n system may al so be increased
by allowing the difdjdatesieticr eREFPACIEE MBIV 8 ove angul arly. Even a snal |
angul ar novenent in ln&easing thg é-pdne Confplitroe taybedeagmplishedip mefettiBr or bot h ends
of flexures 3 25 32 n_increa 4 N- bl AEeTér t he devi ce

si gni fi cant | y,s Wi PR B8 grexamﬁe, meﬁﬁerc&%llmc QL%%&Q% Y 24

axial shortening of the beams or flexures. That is, as the beams flex they tend to

become shorter in the axial direction, which in turn leads to a decrease in the in-

plane compliance. Compensating for this axial shortening has the effect of
increasing the in-plane compliance. In the suspension system shown in Figures

20 1 and 2, the short coupling beam 40 between coupling blocks 42 has the effect of
compensating for axial shortening of external flexures 30.

The in-plane compliance of the suspension system may also be increased
by allowing the ends of flexures 30, 32 to move angularly. Even a small angular
movement in the range of 0.5 to 1.0 degrees at either or both ends of flexures 30,

25 32 can increase the in-plane compliance of the device significantly, without a
proportional increase in the out-of-plane compliance. That is, the in-plane
compliance increases, while the compliance ratio is maintained or increases.
Although coupling beam 40 in Figure 1 provides a small degree of angular
deflection for external flexures 30, providing a larger angular deflection would

30 provide even greater compliance.

Although long, high aspect flexures like those shown in Figure 1 tend to

have high in-plane compliance, they also have reduced in-plane to out-of-plane



proportional increase in the out-of-plane conpliance. That is, the in-plane
conpliance increases, while the conpliance ratio is nmaintained or

i ncreases. Although coupling beam 40 in Figure 1 provides a snall degree
of angul ar* deflection for external flexures 30, providing a |arger angul ar
deflection would 30 provide even greater conpliance. Although |Iong, high
aspect flexures |ike those shown in Figure 1 tend to have high in-plane
conpliance, they al so have reduced in-plane to out-of-plane 5 conpliance
ratios due to beamtorsion. As referred to herein, high aspect ratio beans
are intended to include those beans having height to width ratios of

approxi mately 10 or greater henonen Q?;Qc‘%t&)h reference to
Figure 3, in whi (9ﬁm%l‘aﬁ"t°(5"§’§5‘§‘§é°tqieﬁ‘ﬂgwl°r"e rreegagﬁ t?lthlgrg%%éh R gh aspect

flexure is 5 ShOWBan&é@ft&ﬁtedaaitbﬁﬁhidc(tﬁ’msb&amhavm);helgmwldthﬁmm‘éne and
out - of - pl-ane |oads 3(2‘ %gea . ’I%xnghcldﬂge?lh i'sﬁcsajib@@@nh@fé}eh&fto pl ane and

torsion | oads (P3RIPY a‘lon ect beamis flexed in-plane
and out - of - pl ane Fx@retwmmhmhaomwp@wnthcm@we‘a‘b’@& highasPectfleSih 1S occurs even

though the bea{n qgo%ﬁ\ 84 nd f%@(ﬁosmohh) ruﬁ&Pﬁ(ﬁa.neixﬁohtt&‘pﬁﬂd laddspl ane. Because
the notion of Trotor put s eamln orsi.on dq fonent ar ms

ey
arising from di spﬁ?‘?ﬁ@é‘i‘rﬁh?ﬂdd’lﬂdﬁ’&‘t%?“" Pt-otplaae 9 S5 ?aéi‘ﬁ 8%%0)9%‘{15 to flex back
from the Positi on 6ag(tigh esetitainen ﬂmda;ganemd&)u-df@hamtqrmmlm on B. As

noted above, it is often desirable to Nﬁemdgés%ﬁiﬁimweﬁé@”e to out

of - pl ane conpl i arsPe Iy %%s 3° ‘Trsech%ou ver, conpliance ratio is often
decreased by the t MﬁiabplaxepBe:stsnﬂwmhqnWéromé?mué%d‘ﬂé%‘EHtb‘é‘ﬂn%é‘{/e. To
maintain a 15 higl f}%{ ﬁoxﬁﬁfsﬂl&eméntoﬂr&oﬂ@&hé’lﬁhh@ tdn@encleicr ease the
beamstorS|onaI and out - |Bg|ts i n-pl ane

g@ane conpl i ance

ni.z
conpl i ance. As wtoﬂenhﬂckpfr%ﬁée iien € SHpstratedp Fizye - P‘éﬂgg'ﬁh%f“ioorsmnal
conpliance may be affeghadbdve lﬂpéf&nti&mmamvv\aygreﬁm inglaaeoloat: t he

torsi onal and out-of-plane conp exur ppy be decreased
by shortening thef P@WH‘Pl&Pcetrﬁ‘é’pﬁﬁq‘?el g&?w?vér Lhc%"ép% ocggafngﬁg)ﬁ and out - of - pl ane

conpliance may aldaedidd by@duasichspyesenciathe ben a désedied de@fTOtfﬁ’é“%flﬁspenm on
system geonet r%nﬂvéﬂggcg%plgag&lr%t% 1lt Isd ﬁ-g%eatgggre'agg thc@cﬂ'h'g Brsonallaftfout-or si onal and

out - of - pl ane ¢ exures are reduced by aligning the
flexures 30, 32 iafphoodomplianeswhils maxmizing s iniplagt PMPBERSE er act

As with in-plane compliance, out-of-plane and torsional compliance may
be affected in more than one way. For example, the torsional and out-of-plane
compliance of flexures 30, 32 may be decreased by shortening the length of the

20  flexures. The torsional and out-of-plane compliance may also be reduced by
careful selection of the suspension system geometry. In the device illustrated in
Figure 1, the torsional and out-of-plane compliance of flexures 30, 32 are
reduced by aligning the flexures 30, 32 in such a way as to effectively counteract
the torsions created as the rotor 12 is displaced along the Z-axis (that is, when

25  rotor 12 is pulled up or down by the micro mover 28). The greatest
counteraction effect is achieved when external flexures 30 are oriented to axially
point at the midpoint of internal flexures 32 as shown in Figure 1. However,
counteraction of the torsions are also achieved the lesser extent when the
intersection is not at the midpoint of internal flexures 32. Thus, the position of

30 the external flexures 30 is such that the axis of external flexures 30 intersects the

internal flexures 32 somewhere along the length of flexures 32.



the torsions created as the rotor 12 is displaced along the Z-axis (that
is, when 25 rotor 12 is pulled up or dowmn by the mcro nover 28). The
greatest counteraction effect is achieved when external flexures 30 are
oriented to axially point at the mdpoint of internal flexures 32 as shown
in Figure 1. However, counteraction of the torsions are also achieved the
| esser extent when the intersection is not at the m dpoint of internal

fl exures 32. Thus, the position of 30 the external flexures 30 is such that
the axis of external flexures 30 intersects the internal flexures 32
sonmewhere along the length of flexures 32. 6 As can be seen, the bal ancing
of in-plane, out-of-plane and torsional,.. conpli es h tn absolute and
rel ative terms, requifeanbe B Qﬁ@‘?’i’@‘"%‘ff"f'éﬂeb?uis'gp&%‘e ?"edg% lt;haz‘d suitabl e result
for a particul ar cagplahdsbbthin abbatean ethitinetertns, refuireshdalancingohfafterh descri bed
herein, a suspension. sysiem i escr ] ' g conpl i ance
ratio of the suppdFtPAg™ méieﬁ'étetgmtp%‘ggs cr%‘ggélg%“\%huﬁeg@?educi % or

i ni mi zi ng the i rifvention descrifed heveis jagwragnsiemypiern isdessrived jyhich glipwa ey ang 5, a
suspensi on sysst eg%:ﬂ@&ﬁée%toy{hgsdpﬁorﬁﬁ%m Kelincreddel OVl Riduciigdr of a fl exure
30 (also referred t erein as a primary flexure) to nove angularly and

i ncreases the sydJuinimizingitheinflugprs oftemigral ifpliancerne devi ce of 10 Figures 4 and
5is simlar to that mffiguegtaRS, 4 suspeakicd syswiridichitéchues ipshows whidar i ng the same
reference nunbers., As cap .be seen, th are provided
with an angle sof!@HiR§" e‘Tféﬁ@’h"fea@(sal%)treefgﬁ%t‘mg}%%%o?fdP ﬁ!g“?ﬁé(;%?tg In the

enbodi ment  of t haovi angelatly @ insteasamith systEn'g trriape gomplignes; Thedeyicaofs of t eni ng

el ements 50 incl i i loEHERE) abdP2 Rith Ok pahoxblringhesecured to one
end of flexur yB%ﬁ%ﬁé@%&%gggﬂggﬁmgﬁexure 54 extej din fdr(pm coupling

bl ock 52 to framsamerefergeenubes. yAs opr Rssesphegtemal fgruss Qé@&’ Y “Trovenent  of
rotor 12, the endifanfigReft@in3lebdt 36N @Ak ent 6f thechlepbre.nig tislembidiidt | s al | owed

to nmove angul arly (as opposed tq_bei fixed to . - i Figures |
and 2). As di scus%félﬂ“&5‘6’\9%?“%"%&%’&6?2‘?‘1gﬁ%\gfegrsr%é%flmégl%ﬁygﬁ déod]:l flexure 30
i ncreases its i n-ryicaé-Namp) doaplingblookts2 sdveredtaee il piflexme3hardfuse secondary
flexure 54 is ssentéa%lr Nurd P X n?in%ﬁmsonrlingbg&ﬁst@§%e ReARprihdry has

_p O

relatively lo out<d Iane”an stonal co i ance. TF s, ,the influence
of the poor conplexanddisdiaplaced bagvamenepfiraipr 12 Wdl"gﬁfé“‘ﬁ'gﬂ@% ect ratio
beans is to coupling block 52 is allowed to move angularly (as opposed to being fixed to

frame 14 as in Figures 1 and 2). As discussed above, the angular movement of

the end of flexure 30 increases its in-plane compliance. At the same time,

20  because secondary flexure 54 is essentially a short length, high-aspect beam, it
has relatively low out-of-plane and torsional compliance. Thus, the influence of
the poor compliance ratio characteristics of long high-aspect ratio beams is
minimized. The length of secondary flexure 54 may be adjusted for particular
applications to achieve the desired compliance ratios, with the realization that as

25  the length of secondary flexure 54 increases, the out-of-plane and torsional
compliance also increases. According to one embodiment of the invention, the
secondary flexure 54 has a length that is approximately 5% or less than the
length of the primary flexure 30 with which it interacts.

More than one angle softening element 50 may be used for each primary

30 flexure 30. Figures 6 and 7 show angle softening elements 50, 50’ positioned at
both ends of flexures 30. The construction of angle softening elements 50, 50° is
like that described above in reference to Figures 4 and 5. The lengths of



m nimzed. The | ength of secondary flexure 54 may be adjusted for
particular applications to achieve the desired conpliance ratios, with the
realization that as 25 the |l ength of secondary flexure 54 increases, the
out --of - pl ane and torsional conpliance also increases. According to one
enbodi nent of the invention, the secondary flexure 54 has a length that is
approximately 5% or less than the Ilength of the primary flexure 30 with
which it interacts. Mire than one angle softening el enent 50 nmay be used
for each primary 30 flexure 30. Figures 6 and 7 show angl e softening

el ements 50, 50' positioned at both ends of flexures 30. The construction
of angle softening elenents 50, 50._.is .like Sl ove in
reference to Fi ggfeeeday flgy °S§§mf¥|g°q‘%‘ﬁed‘f%éel%?engggéngﬁdgﬁf%?g@gres 54 may be
different for el quemBiisd ffommtcefiracthopien dn rdflitiopansle soffeningceldmeddl per f or mance
characteristics. In addi.ti.on. e i el enents maybe provided to

i nt er nal fIexureé“af‘sfei’rf’v“tclfgg??S%quif'%égﬁf?g“&gf angl .slo{)tenig el enents 50
is quantified in TablHBe effechpfdngle SOQ"%ICBWP“%%@“%{%I%W- PPIR P ?i nite el ement
model i ng package y(CovaR%Or YWlidr fhite cRMa hakifg fatlage CowentWare® Cary, North
Carolina), the conpliancé of a system Iikﬁ%ﬁlg&rat dqg%lcto&egs ki, Fi gures | and
2 (Table I) is cowvlablefom GovenigrafCarp, Nerthfgro *EOWRPPEN hy el ements 50 as
depi cted i n Fi gungsmé d@piéledin Fikaded Pand} (Tabis 1Xiaconipered wasystdn Givet he " %

| mprovenent” columms in Table 2. fqr.case ' faqQr. 10 20%

i nprovenent in cARyr f"&ﬁ‘E‘ég‘llfeé’lef“f)5%\%2@%%%6%&%‘2%9%%§_)f' é?éaenaoreequi red to

di spl ace and r ot ated fam tirith infproxerhdntcolpmns i Tablerdpfox cagss sudies BY BIAd about t he
z-axi s, respectivegl i 4%u8@ the equation: Force" = (12 E
|~/ L3)(x) - f&E 1 /°y‘1‘[‘5’“§ 569?%%2%22%@2 Young' s rdeI Snexléid S the area
noment of inertia abo"ﬂtebﬁﬂﬁé’gfm%ﬁ%‘}’e"lpd‘?@acfﬁ“gq?@ﬁﬁf? S?a?eﬁe beam x is the
di spl acement of the &RekidAfand db6utBRaAXik, Respdagvely, mali bedeteimined usirgghe? i s t he
assurmed angl e of the beam about the z-axis. The nmechani cal transl ational
stiffness lot (tH8"94MRerse of conpliance in the x direction), and the
mechani cal angul ar st Fdréepe$i2 RiphL' Yo -dBLEEM?Ded using 20 the equati ons:

15  where E is Young’s modulus, Iz is the area moment of inertia about the z axis, L

is the length of the beam, x is the displacement of the end of the beam in the x
direction, and ?, is the assumed angle of the beam about the z-axis.
The mechanical translational stiffness kx (the inverse of compliance in

the x direction), and the mechanical angular stiffness may be determined using

20 the equations:
kx=12EL
ko, =EL /L’
Similar equations may be derived for the forces and stiffnesses along
other axes. These equations can be easily derived, by those skilled in the art,

25  using the principle of superposition of known beam relations, or by derivation
using loaded beam integration methods, which can both be found in
“Engineering Mechanics of Materials” by Muvdi and McNabb. By inspection of
this equation, one can see qualitatively, or by calculations for a given beam, that
even a small angle at one end of the beam can greatly reduce the reaction force

30 from the beam.

As noted above, Table 1 shows the performance of a suspension system

like that illustrated in Figures 1 and 2, calculated using non-linear finite element



kx12El ~ k%E1l,/Lr Simlar equations may be derived for the forces and
stiffnesses along other axes. These equations can be easily derived, by
those skilled in the art, 25 using the principle of superposition of known
beamrel atrons,” or by derivation wusing | oaded beamintegration nethods,
whi ch can both be found in "Engi neering Mechanics of Mterials" by Mivdi
and McNabb. By inspection of this equation, one can see qualitatively, or
by cal culations for a given beam that even a small angle at one end of

t he beam can greatly reduce the reaction force 30 fromthe beam As noted
above, Table | shows the performance of a suspension system |ike that
illustrated in Figures 1 and 2, cal cyl ated usi.n -l inearn.finite el ement
8 nodel i ng. Spechedeting Specibrally: PRy ’S@?cglﬁfngscoéﬁeﬁ? Es)mgl*glffr;kg?%? 12 al ong the
x-axis and z-axindz-aligiThile 1sROMS fokda esqhiced tredisplacpthe 0ir 2 §Veli spl ace the rotor
a given distance alo the axes i kels es, and then the
resulting conpl ‘W%ﬂ%tu?c&é?&ﬁwgw%@g%{rﬁgéﬁgg{ﬁgﬁgﬂ@my‘ﬂ% et erm ned by
conmparing kz 5 asuhpkance fitns. Therpgmplishcedriioanay hodraiaefystBI¥™8 4 ustrat es t he

mechani cal st “%Cxﬁl&fme%ge&’@{&%ww uatelySIn@R4téstR micmgiealstagn ot onsi der i ng
the symetry of e devi cé.

TABLE t Y Z Fx Fy Fz | . kz kz/ kx kx/k
000.100 761 madeivnem&@seraa'reﬁage‘shescw.sli"“f&g"i’é‘ﬁ“%ép‘ﬁ%‘g%‘f&mso 269 246y
10 10 0.1 282 308 731 28 31 7310 259 237 15 15 0.1 428 466 697 29 31 6970
244 224 20 20 0.1 580 629 654 29 31 6540 226 208 25 25 0.1 739 798 606 30
32 6060 205 190 I4PLE10. 1 0 0 761 na na 7610 no,ng 0.1 140 0 757 28 no
7570 270 on 10 %%@H%me—%o. 1 427 1 728 28 na

7280 256 no

5 s Q.1 140 153 753 28 31 7530 269 246

10 10 01 282 308 731 28 31 7310 259 237

15 15 0.1 428 466 697 29 31 6970 244 224

20 20 01 580 629 654 29 31 6540 226 208

25 25 01 739 798 606 30 32 6060 205 190

0 0 01 0 0 761 na na 7610 na na

5 0 01 140 0 757 28 na 7570 270 na

10 0 01 281 1 746 28 na 7460 265 na

15 0 0.1 427 1 728 28 na 7280 256 na

20 0 01 578 2 704 29 na 7040 244 na

25 0 01 739 3 677 30 na 6770 229 na

TABLE 2

% Improvement

X Y Z Fx Fy Fz kx ky kz kzkx kz/ky kz/kx kz/ky
0 0 01 O 0 58 na na 5890 na na na na
5 5 01 9 88 584 18 18 5840 326 330 21% 34%
10 10 0.1 181 179 571 18 18 5710 315 319 22% 34%
15 15 0.1 277 272 550 18 18 5500 298 303 22% 35%
20 20 0.1 379 370 524 19 19 5240 277 283 23% 36%
25 25 0.1 489 475 494 20 19 4940 253 260 23% 3%
0 0 01 O 0 589 na na 5890 na na na na
5 0 01 9 O 58 18 na 5860 327 na 21% na
10 0 01 181 0 579 18 na 5790 320 na 20% na
15 0 01 277 O 568 18 na 5680 308 na 20% na
20 0 01 379 0 554 19 na 5540 292 na 20% na
25 0 01 489 0 537 20 na 5370 275 na 20% na

10
In Table 2, the performance of a suspension system like that illustrated in

Figures 4 and § is illustrated. The non-linear finite element modeling shows that

9



20 0 0.1 578 2 704 29 in 7040 244 no 25 0 0.1 739 3 677 30 na 6770 229 na
TABLE2 % inprovenent XY Z Fx Fy Fz kz kz kz/kx kzkx Wy 0 0 0.1 0 O 589
no no 5890 nain na M 55 0.1 90 88 584 18 18 5840 326 330 21% 34% 10 10
0.1 181 179 571 18 18 5710 315 319 22% 34% 15 15 0.1 277 272 550 18 18
5500 298 303 22% 35% 20 20 0.1 379 370 524 19 19 5240 277 283 23% 36% 25
25 0.1 489 475 494 20 19 4940 253 260 23% 37%na 0 0 0.1 0 O 589 na Be
5890 innain500.19,00 586 18 na 5860 327 in 21%no 10 0 0.1 181 O
579 18 na 5790 320 na 20% no 15 0 0.1 277 O 568 18 na 5680 308 in 20/. in
20 0 0.1 379 0 554 19 na 5540 292 in 20%in 25 0 0.1 489 0 537 20 on 5370
275 no 20%in 10 In Table 2, the perforpance of a suspensj.on systemlike
that il ustrat ed thedrclugipyefiaagle spitering °§°“1°'§5 %a i tﬂfeﬁ”g%h.amfﬁagmﬁlolﬁ%sﬁ inear finite
el ement nodel i ng 26% @Vl chdag tMorOiniph® erméaCinajticachiayéd thgghasmétereni ng el ement s 50
rai sed the conpliance ratjo at |east 00,1 I i npr ovenent
may be achieved CRPBHIR™ dgg’g‘ﬁétmésorceonﬁ?’%%oz&g f“%ﬁ&.torgl? '? %@ﬁ‘b‘%@{“ﬁ"e Fgrce needed
to displ ace rot onloigthaz-ghis(ewt ofiplaekinlbe withithsisepordvissign, FiS MO B/ of pl ane) is
less with the ;se | lalictibrSin TR celldditd B dRpiheedtorny alohth@r eat er
reduction in t5he%ﬁ%?begﬁiéé%o%a&%cgbﬁ?gglfﬁ?e r ot or ?LZ al ong tf\%h x and y axes
(in plane). Al thegty PEeR®fage nodul e 10 has been described above with
respect to a single Ai@bgph thkotgPnedutead hizpednrdaserbed 4hove witlprespedtioce a
plurality of rotors 12 be orted by fr 14 e nodul e 110
having an array 615%16{0&;”2? iuﬁpqrtgg iil)p tpametl?, in erctxce a%hly of rﬁbrﬂ%@

be supported by frame 14. A storage module 110 having an array of rotors 12 is

10  illustrated in Figure 8, although finer features such as angle softening elements
50 and 50’ may not be seen.

Although specific embodiments have been illustrated and described
herein for purposes of description of the preferred embodiment, it will be
appreciated by those of ordinary skill in the art that a wide variety of alternate

15  and/or equivalent implementations calculated to achieve the same purposes may
be substituted for the specific embodiments shown and described without
departing from the scope of the present invention. Those with skill in the
chemical, mechanical, electro-mechanical, electrical, and computer arts will
readily appreciate that the present invention may be implemented in a very wide

20  variety of embodiments. This application is intended to cover any adaptations or
variations of the preferred embodiments discussed herein. Therefore, it is
manifestly intended that this invention be limited only by the claims and the

equivalents thereof.

10



10 illustrated in Figure 8, although finer features such as angle softening
el enments 50 and 50 may not be seen. Although specific enbodi nents have
been illustrated and described herein for purposes of description of the
preferred enbodinent, it will be appreciated by those of ordinary skill in
the art that a wide variety of alternate 15 and/or equival ent

i npl ementations calculated to achieve the sanme purposes may be substituted
for the specific enbodi nents shown and descri bed wi thout departing from
the scope of the present invention. Those with skill in the chemcal,
mechani ¢al tr0n 1anical, electrical, and conputer arts will readi
apprecig@éA?ﬁggﬁfﬂgﬂﬂfggent invention may be inplenented in a very w de 20y
vari ety of enbodinents. This application is intended to cover any

adapt ati ons or _va%kgtions otE%Be, referred enbodi nents di scussed herein.
Therefole, if MEroggRire-aschanicahtedere®mMPESNgt his i nvention be linited only
by the clai ng,a0shit hass(ggui val ents thereof. 10 WHAT IS CLAIMED IS 1. A

m cro-el ectro-nechani cal "devi ce conprising: a novable mass(12); a frane
(14) for supp&emefbd)ifbresuppersing ig)masg (¥2)y st fl exure (30) having a first end
and a second_ endq.an W i nt (50) connected to the
first end ofa?'ﬁsgﬂgﬁuﬁrjres@qg:hg\zh gfﬁg{tﬁgggﬁare%tc&g‘ng dgﬁgofteni ng el enent and
first flexurefiexbhegdsofgngtaleemt (309 coraested ndtht ffiest endinetht dirst Slasyertbe t he mass
within the frame, wherein the_first angle,.softening elenment.is configured
For al | BAN ABESAQIATLE CHEVRNARY ftsh DBt FacHdi P bl (F ety e frodf & ur e
(30) . 2suspbi g6 L& wahinch@idind, whdreih ehdfifshengdg@lfenisgfeleditinn g ehfigired ( 50)
conprises a second flexure (54) having a qug%ﬂ@less éhan a length of the
first flfeallpwingzopulanmovgmeenyalqus thedirstand ofihs firgilexgied3Phe second flexure
(54) length is 5%or less of the first flexure (30) length. 4. The device
of claim2, wherein the second flexure (54) has a longitudinal orientation
gener al Ry al Thaekdviet tofi daimohgivherdinnthe @rgle nofianingnelomenth €0 icogipripdsexur e

é?g%ren?s?cgggﬁgguvré ((\'564) %Evi%lg gilerr?g%’legs%ﬁgnhaelrengtg%(He%rﬁ%e@u%qg&nd angl e softening

3. The device of claim 2, wherein the second flexure (54) length is 5% or less of the

first flexure (30) length.

4, The device of claim 2, wherein the second flexure (54) has a longitudinal

orientation generally aligned with a longitudinal orientation of the first flexure (30).

5. The device of claim 2, further comprising a second angle softening element (50°)
comprising a third flexure (54) connected to the second end of the first flexure (30), the
first angle softening element, first flexure and second angle softening element extending
between the mass and the frame to suspend the mass within the frame, wherein the second
angle softening element is configured for allowing angular movement about the second

end of the first flexure.
11



conprising a third flexure (54) connected to the second end of the first
flexure (30), the first angle softening elenent, first flexure and second
angl e softening el enent extending between the nass and the frane to
suspend the mass within the frame, wherein the second angle softening

el ement is configured for allow ng angul ar novenent about the second end
of the first flexure. Il 6. The device of claim5, wherein the second and
third flexures (54) each have lengths |ess than a length of the first
flexure (30). 7. A data storage nodule (10) for a data storage device, t he
stor agenodulfe JGRIPIIHIAG, whelol BE s{cbfd altPbiNeRurd é?“ZF dithaOf Icfighe st or age
areas (2b), e Storage aréas eac elng 1n one o |ty states

t o repr ésetian ahiengdadfahsfior Bekuren(I0hat area; a frame (14); a plurality of
primary flexures (30); and a plurality of secondary flexures (54), each of
the plurality of secondary flexures (54) interacting with an end of an
associ ated onedgth bR MbRIY (1DEX6H @Sd4tdOkeragd@levidss el stbRde PhbdEey and
secondary fl exures (30,54) extending between the rotor (12) and the frane
(14) toCSUBpEMI t he rotor (12) within the frane (14). 8. The data storage
modul e (10) of, [ f (30,54
e or ot by Bed o ThunbF BT OF gR el AR5 DRyt Ry 7 Y
f ur t her beiappr orsi afg pauralltglocﬂsmmm feprpsdit dekdatgsdancd lmtlhetchr¢252) bet ween t he
associ at ed prlnary nd secondary flexures (30,54). 10. A nethod of
suspendi ng a? BP@ rotor (12) within a frame (14) to provide an inproved

conpl i ance rabhgmgpapﬁm@m@gk&m@s (ﬁpﬁdof ext endi ng a pIuraIity of primary
fl exures (30) between the rotor and the frane % H@V ernlttlng an
BY P! SR

end of each 6PhﬂﬁéyﬁﬁGF%mpwny¥“ﬁ?K r §agh) fyihe glurgli eXWGEl arly as
the rot ?5’4)(141%)(ac@f9$'e\§1tlp3énc%pbf B RsRPAQANIAL %ffth@)ﬁ-x'fn?a& SbkuR8tWeRNhE he end

of each primary flexure (30) and the franme (14
associated primary and secondary flexures (30,54) extendmg between the rotor (12) and

the frame (14) to suspend the rotor (12) within the frame (14).

8. The data storage module (10) of claim 7, wherein the primary and secondary

flexures (30,54) are micro-fabricated beams.

9. The data storage module (10) of claim 7, further comprising a rigid coupling block

positioned (52) between the associated primary and secondary flexures (30,54).

10. A method of suspending a movable rotor (12) within a frame (14) to provide an
improved compliance ratio comprising the steps of:

extending a plurality of primary flexures (30) between the rotor (12) and the frame
(14);and

permitting an end of each of the plurality of primary flexures (30) to move
angularly as the rotor (12) moves by coupling a secondary flexure (54) between the end of

each primary flexure (30) and the frame (14).
12





