M NI ATURE SENSOR TI P FOR MEDI CAL DEVI CES AND METHOD OF FORM NG THE SAME
Cross-Reference To Related Applications 5 [0001] This application clains

t he benefwb 20f1/paBi49rity of Singapore application No. 200e@&24bromposit | ed 30
Oct ober 2009, the content of it being hereby incorporated by reference in
its entirety for all purposes. 10Technical Field [0002] Various enbodi nents
relate to a mcro-sensory tip for nedical devices and a nethod of formng
the mcro-sensory tip. 15Background [0003] The ability to successfully
treat a vascular |esion via endovascul ar nethods (wires, catheters and -
angi opl asty MINIAGERE SENSORSTIPFOR MEDHeA B BB VICESt ANPIMMETHOFUOHe W 1 e
across the lesion (usually a s j ion), generally known as the
wire traversal 20test. [0004] E@W@%wﬁ*@ssage of a gui éevvi re through
t he narrow ng vascul ar vessels, conventionally, a surgeon or an operator
navi gates the guidewi re based on his or her own skill and haptic feel.
Conventi onal techni ques ©erossyRefergnceibo Related Applieatiogf ce feed back and a
nunbers of such procedures are abandoned as the operator is afraid of ‘
exerting 25excessive force and piercing through the vascul ar vessels.

[ 0005] BI[066&Y gEhiofapplivative ssains| theebenefit Oheriosdtyg of f Jingaps/aprlica@@yNmkes

o acodur A0RIRA 1 o debac @R eG4 nRiechachy RenBRRREEBTL

hi gher nqgkegnc@fmsgéﬂnlrapf@mmqﬁﬂws% are prolonged due to repeated attenpts
to nani pul ate the guidewire across the |esions.

10 Technical Field

[0002] Various embodiments relate to a micro-sensory tip for medical devices and a

method of forming the micro-sensory tip.

15 Background

[0003] The ability to successfully treat a vascular lesion via endovascular methods
(wires, catheters and angioplasty balloons) is dependent on the ability to pass a guidewire
across the lesion (usually a stenosis or occlusion), generally known as the wire traversal
20  test.
[0004] For successful passage of a guidewire through the narrowing vascular vessels,
conventionally, a surgeon or an operator navigates the guidewire based on his or her own
skill and haptic feel. Conventional techniques or systems do not provide force feed back
and a number of such procedures are abandoned as the operator is afraid of exerting
25  excessive force and piercing through the vascular vessels.
[0005] Blockage of the vessel lumen in the range from 50% to 100% makes passage of A
the guidewire a challenging affair. Up to 20% of endovascular procedures are abandoned
due to failed wire traversal. In addition, a higher number of similar procedures are
prolonged due to repeated attempts to manipulate the guidewire across the lesions. " .
30  [0006] Multiple and prolonged attempts at guidewife passage may lead to:. several

undesirable side-effects, such as (i) increased exposure to radiation dosage due to



30 [0006] Multiple and prolonged attenpts at gui dewire passage may lead to
several undesirable side-effects, such as (i) increased exposure to

radi ati orwOesHgS3d&e to prol onged fluoroscopy tinme, (iiPLTISG2OA8Ed7 anmount s
of intravenous contrast that is required, resulting in an increased risk of
nephrotoxicity with consequential renal failure and (iii) increased risk of
devel opi ng intravascul ar conplications from aggressive wre mani pul ation,
for exanple vessel wall dissection and/or perforation, distal enbolization
5 of blood clots and vessel wall debris and formation of an acute thronbus,
al |l of whprolongeh flvoressespyt himepd(i) émrezeeqbr%memitsspf rgtravgseus sentshdhatiisns.
[0007] Moreaver nor e gres de t 0_pa ui dewire
across t H&IY efsigﬁlpﬁé?én I“g %?S?cgﬂ%i(e%ta EHR g ya‘r"{ltl Nereasing rr‘la‘Il}ar‘rlbht‘ie-;{lrl'glr

wires, cadndetior ﬁc@a&daehkmevélepin@aﬁtraw@mh myplrcasaﬂstfmrﬂ agPreERas #iteCOSt 'S
and resource ut| lization. 10[0008 The nom n uence of |esign traversal
is to atteapPulaten fen eemie visselrealbdisseclon a jtipng distal e r@gfmonl f this

fails, a &%ﬁ(ﬁ%té?&s sﬁcpv&@ A'vﬂltllr&gﬁ§§rﬂi fo?m%&véfdﬁ a@%mmﬁ)@i QHf wHKh dat! at i on

angl es as we e the wrel tip in the appropriate direction.
[ 0009] Th\eomc:mthepamcmwprmlﬁtmaﬁ@ﬂarg:undiemsre passage are heaV| I y dependent

on 2- di fluoroscopic at _is,extra-lumna

nat ure,- n[ﬁﬂ%q\ré}ﬂref)ﬁeé MBI re\?%}s%g & r{?grevrgg%gt PR hE Rt lgF’\ﬁan ficmss th§ pl anes
Vi a X-raylgsied)th&r@ns hashdenSy t‘dqus’HEirhﬁﬂfeaahg myaiber af bv}ke@&faflﬁfelﬂﬂaﬁhdj adjerict

conti nuous radi ation and excessive fluoroscopy tinme, |eading to risks
associ at eteviges.whihmay sesult pyiacrepsed costs ad [FseuIcy Wizﬁilonfher e is also a

signifq c a{'ﬁﬁ?] i "B HonRhallRREHIE BF Fesh HAREAE fi/setocé?t'eIQxF’p@I haigufioR i UEE Bark he

oper at or on-screen x-ray images and on tactile feéedback during 20
Wi r e/ cat rwtldﬂwwaanrwlthc ﬂ@mn Fatharofeilb, e kath¢tsiocanl bey ntradypedto iprovide befiescesss.

%S;ﬁ;ln t St (I;;In%,trrﬁgnslgl!llats lont an fles agweﬁsas F‘{)%‘%?%e%e A\ eﬁ% é?p% rla'tqe,gdl{%‘}_I Héed

era rove the passage of
t he gui dejo0o9) THer wgbntidmel biedmds \fers gmldswlra pawz@erareoheaadympemlehaum 2been

suggeste SuG enhanced fl uorgsc | C | utilisin t

bi pl anar 43?‘%??‘&?5“’&#*‘?@8?‘0’?86&%‘% gx% gﬁgﬁlaﬁgf‘&f’é‘ﬂ ’rg‘sg'lhlfﬁ‘ ﬁ and 25
nmagni {4 cagibivesbdld Lrerﬁaﬁﬁm%xftémmyqaczomnésmmgysaarnd dbhiAE Suth AREHAS .
coupled with more contrast, (iii) use of smaller and |ower profile

gui dewi r exse seacredy terfermed ypdesroatiauqusstaiatipn apd\excessiveofluagpscppe time,
gui dewi I §g,q; fo%kgg%é gma Aitfihgbakd Hblicilexpaiaplng vessel wal | di ssecti on

and perfora n and catheters or devices I ncorporating vessel wall

pl aque r e[loomiITlmre éxalsei aomgnfsamomﬁsefeﬂembencntanrhdlndmyeeCCpashlage

syst ens, 300t hers,, which increase caost é'(‘) t.he above
net hods atf éW ihl QPSIRPR, the; An-Sge Armax ey and q?cﬁ%er (?g\gg’ gk APggi on
eXposiy e, wirdle4tRa&CMatipilatiais (R ademviutin aBS ayjisal gt innthe gRo@ss. rcmkalpfthls enal
injury and h| gher cost. Furthernore, specialized traini n%pérgtoge%w red, with

very speceslts 03 sgeesof Fereplea siepRIeauring Bpeisel puerEe s orbe
[0011] In order to improve the passage of the guldewne through the blood vessels, a

number of adjuncts have been suggested, such as (i) enhanced fluoroscopic imaging
utilising better biplanar or triplanar fluoroscopic machines with improved resolution and
25  magnification, (ii) repeated fluoroscopy imaging at different angles, coupled with more
contrast, (iii) use of smaller and lower profile guidewires and catheters, which are
costlier, (iv) use of stiffer guidewires, which may have a higher risk of causing vessel
wall dissection and perforation and (v) catheters or devices incorporating vessel wall
plaque removal or excision systems, vessel sub-intimal wire passage systems, :amongst

30  others, which increase cost.



5[ 0013] The fact that there are so nmany adjuncts avail abl e suggests that
none is clearly advantageous over the others. [0014] Presently, pressure

W res or WPessNsa24sensors are al so used with cat het ers. PED®ERe10/0003ESe
sensors provide only pressure data and contact force information, which may
not provide sufficient data for the operators to navigate the catheters

t hrough the 10 bl ood vessels. Furthernore, these sensors may be too big for
i ncorporation onto gui dewires. Sunmary -15[ 0015] According to an enbodi nent,
a nicro-sensoa% tip for use in blood vessels is provided. The m cro-sensory

tip may il9812]ddewever,dhe abaveanethpdssirg Mngqtistastory imteverah aspeetss @& ingreaed

det ect | NG GRASOLSRAMPEI LA LilfaliisE Syl ABILSRIANRLPIROLS r&AF AL the at

| east three etecting sensors responsive to force applie e

f or ce tr amgrhiglsdr @oste [Farthertmoraspeadalized daming ist tequiadd, Ivatis very Ispesfi¢ osage
detectingrﬁensorségfﬁduces an _out put 20 representing at |east one force
conponent TBFAANAHADIGSUERS IS Cart esi an co-ordinate system . of the force

exper i £nc013)yTHe Rl Gac thetd &8 S s y0adj@h@TBVHilabls Walgdshiathat AsheOwicpiatly of the
at least three force detecting sensors can cover the space of the
t hr ee- di nsdiyantageans ovgrithesethersco- or di nat e system and an active el ement

arr f’inge”e['ﬁblﬁ%@eﬁﬂ A grewﬁ-e %in%s?%?-tpré [ife€ séng&%eaxgehﬁ&tds@@ WD SQiRterd NE
active el enent arra%g ment configured to process the 2boutput fromthe at
| east t hrBewéver,dbesdstrors prgvisle wabr pressBrd ddfta bad coritynt ifoe affotnrtiofy whichgs

[0016] In_the drawings..l.ik ef erence characters nerally refer to the
Sane. par tE 50t RS RGERl Salgor AP RRergiOR @ A SR s toh, by 42 1
necesgar iBlyod esseRl Furthemhtas, thebdSeadis gedyebal loy bigi Rg Mcamp@ehtidpOdnto

illustrating the principles of the invention. In the
guiaewires. .

Summary

15 [0015] According to an embodiment, a micro-sensory tii) for use in blood vessels is
provided. The micro-sensory tip may include: a force transmission element; at least three
force detecting sensors coupled to the force transmission element, each of the at least
three force detecting sensors responsive to force applied on the force transmission
element, wherein each of the at least three force detecting sensors produces an output

20 representing at least one force component of a three-dimensional Cartesian co-ordinate
system, of the force experienced by the force transmission element, such that the outputs
of the at least three force detecting sensors can cover the space of the three-dimensional -
Cartesian co-ordinate system; and an active element arréngement coupled to the at least
three force detecting sensors, the active element arrangement configured to process the

25  output from the at least three force detecting sensors.

Brief DeScription of the Drawings

[0016] In the drawings, like reference characters generally refer to the same. parts
30 throughout the different views. The. drawings are not necessarily to scale, émphasis

instead generally being placed upon illustrating the pﬁnciples of the invention. In the



foll owi ng description, various enbodi mrents of the invention are described
with reference to the followi ng drawi ngs, in which: [0017] Figure I A

il lustratwe 2héspassage of a guidewire through a bl ood PEFSER2010/000317 0018]
Figure 1B shows an expanded perspective view of a guidewire incorporating a
5 tactile sensor at one end of the guidewi re, according to one enbodi nent.
[0019] Figure 1C shows a perspective view of a tactile sensor of an

enbodi ment. [0020] Figure 2A shows a perspective view of a tactile sensor
of an enbodi nent. [0021] Figure 2B shows an expanded view of a cantil ever
of the tdelloviagslesssiptionfvarines epbrsimenis of Be inyegtipe aeadeseribefl wotrefemngar e 3
shows an . Gr : 21 | |l view of a mcro-sensory tip, according to
one e%o&?%@n@ﬂgﬁwgfgﬁ;ﬁggﬁgﬂ%ﬂéhom ‘a schematic diagramillustrating an
appl i cat i[001H FegireilA illnsteps shephssige ofia gnidewiBItiTpuglax blondivesgelt o one ’

enbodi me —_— Figure 5.shows a.flow chart iJlustrating.a nethod
of  For m 1BO181 i 1Bosoats, Ppane& SeSnsPite, o5 0Ch ey MR hBpataids | 0oos)
Fi gur8s Ghctll®sdddordt M 6ddsTIhe Qsilléwine lacdoréng t&@bnerhsdimédt i on process to
manuf acture a tactile sensor, according to various enbodi nents. [0026]

Fi gures 70019 Frgure heghevea perseective Mg afiadaitile sengorpfgasabodigenpondi ng a

pol ymer t Y. LRg; i ] Figure 8 is
B S | (00201 Fiefte 2hknbTs a BECHEpick b BIE oI an cEbosall (ool |

accor di nd002i] \EgirolB shvvsdimexpasded 0iOR8Hf Ficgutileved of bbevtactiledieaspraofi the

illustrati vector.i nfarmation di splayable on a display unit, according to
one enbocﬁrr@gﬂwengofﬁ@ﬁﬁqﬁfi gures 10A and 10B show a top view and a

Cr 0SStoSeqo2Z) Higutt 8vheWs #h AplotRrad Stuse FRNibn4l elievi Bf 4 Mickb-aém6tyatp, aecordifigsi | i con
nanowi re of a tactile sensor of an enbodi nent. [0030] Figures 11A and 11B

show _rrea§ﬁPB‘?r%‘ﬁ'_P°‘H‘&‘F%§- of the silicon nanowire of a tactile sensor of the
embodi m?r[boﬁ] F’lzélgé' 4&hd¥s a schematic diagram illustrating an application specific integrated

circuitry (ASIC), according to one embodiment. ‘ :
[0024] Figure 5 shows a flow chart illustrating a. method of forming a micro—seﬁsory tip,
15  according to various embodiments. :
[0025] Figures 6A to 6] show cross-sectional views of a fabrication process to
manufacture a tactile sensor, according to various embodiments.
[0026] Figures 7A to 7C show cross-sectional views of a process for bonding a polymer
ball to a stylus, according to an embodiment.
20  [0027] Figure 8 is an SEM image showing a side view of a structure with an attached
ball, according to various embodiments.
[0028] Figure 9 shows a diagram illustrating vector information displayable on a display
unit, according to one embodiment. - |
[0029] Figures 10A and 10B show a top view and a cfoss-sectional view of a
25 measurement set-up to characterize the silicon nanowire of a tactile sensor of an
embodiment.
[0030] Figures 11A and 11B show measurement data of the silicon nanowire of a tactile
sensor of the embodiment of Figure 10.
[0031] Figure 12 shows simulation data illustrating the forces acting on the tactile sensor

30 of one embodiment.



[ 0031] Figure 12 shows sinulation data illustrating the forces acting on
the tactile sensor 30 of one enbodinent. [0032] Figures 13A and 13B show
pl ot s of WwaranésaHs for the sensors of a tactile sensor PEESGRe0MG0ND an
enbodi ment, under different force |oadings. [0033] Figure 14 shows a pIot
of paraneters for the sensors of a tactile sensor according to an

enbodi nent. 5[ 0034] Figures 15A to 15C show various enbodi nents of the
coupling structures. [0035] Figure 16 shows sensitivity data for the
coupling structures of the enbodi nents of Figures 15A and 15B, Detail ed
Descri pt il¥321 FiguaessiA aatbl 3 shaynplel efcrammeers deste spispePladagie sensox he

accompanyl.ngails A dibddibn Rl alkriRYordd ot rat i on,  speci fi ¢ details

and enbodi nent e Invention may be practiced. These enbodi nents
are descr0033 Flgure; 4 fslnqwseanplotief mramuersefnatbleeemdmsqf astaétile eehspnadchuling t to
practice the | ntron O her enbodi ments may be utilized and 15

structur & éh Yand el ectri cal changes may be made wit hout departing

from she [mpelg@frest 158\ ioM\6ErshbVaridlicerlisditers efiho doupbing Strédterefot
necessarr“ésnutuall excl usive, as.sone enbodi nents c%n be conbi ned with

one or miPBShErre & sreRtiavifyatafortheespuphingosinspieso! thermmbodingents of s

enbodi mert ﬁ\AQEII%BjeV' ce that may i nprove the passage of 20 gui dewires
or cathete s t hrough bl ood vessel s and provide contact force information,
wi thout or with reduced at |east sone of the associated di sadvant ages of

the current nethods. [0038] V®r¢qyiﬂeﬁb%g{Q%nts may provide a mniaturized,

sensitive and robust tri-axial n a stack assenbly with one or
nor e 1gpplication specific integrated circuits 25 (ASICs) for nedical
devi ces. Various enbodi

eVt sl 842 ERCHLTE LR PO e o 10 SEneCr (LBl Syt 0 onto
el S g et g o i
vessel ofmayrbeqpraetivied mIhese embodlments are described in sufficient detail to enable those -
skilled in the art to practice the invention. Other embodiments may be utilized and
15  structural, logical, and electrical changes may be made without departing from the scope
of the invention. The various embodiments are not necessarily mutually exclusive, as
some embodiments can be combined with one or more other embodiments to form new
embodiments.
[0037] Various embodiments provide a device that may improve the passage of
20 guidewires or catheters through blood vessels and provide contact force information,
without or with reduced at least some of the associated disadvantages of the. current
methods. - :
[0038] Various embodiments may provide a miniaturizcd, sensitive and robust _tfi-.axial.
force sensor in a stack assembly with one or more application specific integrated circuits
25  (ASICs) for medical devices. Various embodiments provide a micro-sensory tip for
mounting onto the tip of a guidewire that can provide force-related information or data as
well as the direction of movement of the guidewire to the operator during the traversal of
the guidewire through the body cavity, duct, or vessel of an organism.
[0039] Additionally, various embodiments may be used as a tissue characterization tool

30 to provide data on the types of tissues that the gu1dew1re comes into contact W1th or to

characterize the hardness of the vascular vessel walls or calc1ﬁed tissues.



[ 0039] Additionally, various enbodi nents may be used as a tissue
characterization tool 30 to provide data on the types of tissues that the
gui dewi r eVORAHYSBHBO contact with or to characterize th@CHRGANMOHE03dT t he
vascul ar vessel walls or calcified tissues. [0040] By providing
force-related information and the direction of novenent on a display device
to the operator, various enbodi nents may provide force feedback to the
operator to navigate the guidewire, thereby mnimzing damage to the walls
of the blood vessels or tissues. 5 [0041] Various enbodi nents may al so

el i ni nat 004l By @roviding farcerrelgied gindyrmatinn qindt the djscstion of ypevesmant dodage of
radi ati on Latrav, : . i 1 1 r&n0g
passage. (HrgR s BLRE BHRae Vapat mbRlinle R hASp o B IS TDRINIAPT ot
vari ous especabrnemagigate e pedewitayitisarebysmimsmizing dptiagedy theewallseofitheblavdir i zed
devi ce i ncl uggr ng. sensors, to be nounted on a tip of a device configured to
10 navi gaf8SGYOtPEF&r se t hrough a body cavity, duct, or vessel. The

i Cr 0-5Sen@edd| VirduSRibbEinARNARNS AKE clifiif0s 8R51c8K Eort ACinfRideNsw@inCsrahs ENS Or
tip and may produce outputs corresponding to the forces. . 0043] In the
cont ext ofsephexaserivedasags ofapdiationsigad inrayenqys cpptrastfepijaginghe galewise| ude an

assenbl y . i j ment arrangenent. The
assenbly &r?rjélfllglg’rg?s%é %&ﬁg?ﬁ&gg@;%%s gf%!o%gfﬁ%rﬁ t he context of various

enbodi neri0842]tlhehd emtext bfivaridus esbndinrchtsythe tama fimicre-eersory tintohayxdinagn a f or ce
transm ssion el e t. and,a.nunber of .force detecting sensors coupled to the
force trdﬁ’é’r‘ﬁ%egerﬁi%@c%h%crlﬁaqmg IS t8ol?ﬁ18§?m8‘f°\1/§rt}po S %%fd‘foﬁglﬁi"g}fﬁ? he term
"actiMe elaiman ordfavaiRg eiGih a botly JARRY) dabt, of VéasE TR icbHsetsofp inBg beide
active 20 elenents with the ability to electrically control electron flow

Or cur r erfESPORRIEE Py ERERSnEFAItcAagn HiBe | MIGrpraeHsgmtyf a2 T PHIGE COUPYR Ui ¢ .
[0045] | ot 6 n@ibes theGbrekdr | ous enbodi nents, the term "force transm ssion
el ement” may ‘mean an el enent which is responsive to forces exerted on the
m cr o- sen9043] Ihithe camtakt nfiyartms smbddiieats; theriermo ' midne-s¢nsewryr tind| mast mglvderr es  of
t he m cro-sensqr i 0 transmt t 25 for Lnyyarious
enbodi rren‘insa,sset'ﬁbéyf’ ?)?gaé:h ersgﬂss%alsq%fi%ﬁ&&eeeg%?\?m %n§3§/n éf&e%hgrg? %g%&gjfyn%%ﬂg%i cal -
st oppsr, Pstakentenitdy.defl ections of the internal structures of the

m cro-sensory tip when a@%or ce exch%gdi ng a thr esbolc{ | evel, is exerted on
the m or D018 e EPREx] HoyEToRs rRRAIREIS dhe &bt L TEPSENEEY FHed, moan
sensor s tdalorah@udifs BABRE MBinbMiskiBh Chiinenk And RemmHEF @K foreé d¥REtifkUsensors
enbodi ments, the term "responsive" may nmean that 30 properties.of the

sensors meypledngee fscatrarsmissioroplempet. fip theegontaxs of veBpusceraadiBenthdhe ensor
may mean A Mmghoe Uendh frailgbfbn® flPRtan dar¥ Mgk Al WHPR HaJERlSde £AGH force

detecting
20 elements with the ability to electrically control electron flow or current. The arrangement

may be in the form of an electronic circuit.
[0045] In the context of various embodiments, the term “force transmission element”
may mean an element which is responsive to forces exeﬁed on the micro-sensory tip, and
may cause deflections of the internal structures of the micro-sensory tip to transmit the
25  forces to the sensors. In various embodiments, the force transmission element may also
act as a mechanical stopper, preventing deflections of the internal structures of the micro-
sensory tip when a force exceeding a threshold level is exerted on the micro-sensory tip.
[0046] The term “force detecting sensors” may mean sensors that are responsive to
forces. In the context of various embodiments, the term “responsive” may mean that
30  properties of the sensors may change as a result of the forces. Each force detecting sensor

may mean a micro or nano-sized element. In various embodiments, each force detécting |



sensor may be a piezoresistive nanostructure whose resistance or

conduct ance changes in response to the force experienced. Each force

det ect i ngveepslgrs3ay be forned of pol ycrystalline silic®ATEG261000387 cr yst al
silicon. Each force detecting sensor may be di sposed thereon or therein a
cantilever. 5[0047] In various enbodi nents, the mcro-sensory tip may

i nclude a Mcro-Electro- Mechani cal Systens (MEMS) sensor structure. In the
context of various enbodi nents, the term "el ectro-nmechanical”™ nmay mnmean t hat
the electrical properties of the sensor may change when the sensor is

subj ect edsenser maytherfi piaforeshitive gapgsguctyre whoseHesignes O 6pnductanes ¢hapgrs iBensor .
10 [0048] t N | ed” . for i rs are
' commuiRaRio S e TOKR SpendRke "RAR 1B JeByihg sEfhol ThEF b BmEN TR,
exerted qgoljchgstdllme silicomns ingé @nysed! esiiouin. Bagh Hercer detening tsenksor anahébef or ce
detecting.squﬂés. %00@@%5The term"output” may nean information, data .or
si gnal s gHperedt bEreph of REFTHEEMFPhe forces experienced. 15[0050] In the
context qhoaAhOkgioBSRAMERINSs, thé)Snib@Ld¥hsdr rtq,ensi'?mamh@ naMi&aIHle&ican Co-
ordi nate systeni may nean_a co-ordinate systemdefined by three axes at

ri ght andVechanigaleSysterat AMEMS) sensor gtractuser i’éﬂtﬁ st oh ypniaysgmbodimeniSar i ous
enbodi ne ‘ A r.ee- di i L < 1 e

cyst em e teah ARBEaRRp LR ey G TR R Rleal OB ERLON B0 0L RE
conponentchamgeywhenathe sensec isosubjestedgo mesbhnieal forves twt ditergbe stmpe of aetnagte 20 one
of the three axes. 100511 In various enbodi nents, the active el ement '

ar r angenefit ST8Y i ncl ude one or nore application specific integrated

ci rcujet s [0643] Gk tkhe ‘@p@pledatmaN HEMCithdt C thentfe@e atl@ectilgr 6etisbrsy aféA)ni Ncl ude
a sensor interface and nultipl exer. coupled to the force detecting sensors
to procesommupgatiop withghe foree Hangmissien ¢lemerteuey thag foseeg exered ‘Eﬂﬁhﬁ%?@ef rom
the T OF Caraiom G Elonibels 8080 IrinsmhiEd RARL Kl daEeBRSEIHIC 1Nt egr at ed
circuitry may further 1nclude a data converter coupled to the sensor

i nt er f ace004f] Theltermnpi‘ewsrt” mey meeeinfermsitipnatlata pr signalhgenseatasdon réspoeseftace and
nultipleﬂﬁr The dat a cpnverter bl ock may include an anal og to digital
converter ?8“%§E§B?me%e anal og signals fromthe sensor interface and

nul ti Bl €Xe050] Th etheléapitdxabf daions emibediamnts, dettemn “tpedimessidmat Egnaiamto-
circuitry may further include an 30interface mﬁ%h xternaIF%Eade coupl ed
to the dArdnassysieme maymean; 3 ¢aserdinate system gstingd by, three axes at nghbingle3do and

modul at i ngcf Hged 'f&ﬁﬁlﬁ% a iRt EdibRAGHYA Ipdck O vaiBusdh Ko dBEME lal @pBA&ht of a
transmtting the digital data to an ‘external reader nodule. The interface

wi th ext ehresidimensitmal Gharsianrrayordingts sygemimay meavenery teowmmertdestughas from
the exterfalehSBHeforl® Uty ined Sul heiPleci30RE rdBRA §n HBMirkARR ofGnb e data
fromthe application speci e

I'C integrated circuitry and conmunicate With a
conputoer dne ofrievthide aglest a f or di splay on the 5conputer. The application

specific [jﬂgéﬁ%%%relgusceingb% ix;[xé S, r’a?ey ac];il\J/er: gl@:ﬁlreng ar}rcalnlégrgén rr(lzalyolgclﬁuc?engne or more
application specific integrated circuits (ASICs). The application specific integrated

- circuitry may include a sensor interface and multiplexér coupled to the force detecting

sensors to process, amplify, condition and multiplex the signals or outputs from the force

25  detecting sensors. The application specific integrated circuitry may further include a data
converter coupled to the sensor interface and multiplexer to receive signals from the

sensor interface and multiplexer. The data converter block may include an analog to

digital converter to convert the analog signals from the sensor interface and multiplexer

into digital data. The application specific integrated circuitry may further include an

30 interface with external reader coupled to the data converter, the interface with external

~ reader receiving and modulating the digital data received from the data converter and



controller coupled to synchroni se the operations of the sensor interface
and multiplexer, the data converter and the interface with external reader.
[ 0052] | rwoaniigss24énbodi nents, a nethod of form ng a m CCTSS2NHDP81Ti p f or
use in blood vessels is provided. The nethod may include providing a force
transm ssion elenent; 10 coupling at | east three force detecting sensors to
the force transm ssion el enent, each of the at |east three force detecting
sensors responsive to force applied on the force transm ssion el enent,
wherein each of the at |east three force detecting sensors produces an

out put r epnemitheg the digiteledaia toae oxirmad readep srpdule. dihe dnterfpesewith rxiesnadnal

Cart esi an,gRonAAALE, Y8 SRl adddfin Oéﬁﬁngﬁp%{ghglgﬁgn e LR Eerd " Ehder

transm ssion el ene such that the I5 outputs™o e at least three force
det ect i ngnadiis OoFte exdemal aeater nivdukpacye rakiviehtbe tlin deondithreeapplioatwin sPacifiesi an.
co-ordinate system.and coupling an.active el enent .arrangenent to the at
east -t hr BESRIE hisDeT qagrumess ¥t orneir e ittt Y A ahe
confi gur ednipRtdd! PEE ESplicheorOsebific ihfegiddn@rcattry RS tulibr efclidy & elodrtagdt i Ng
sensors. [0053] Various enbodi ments provide a mcro-sensory tig_lpi ncl uding a
tactil e’ faontelleaenupled sosynehioniss theprdretians od ke seapurdnterigproand mplipkEAsory tip
s desi angdafRdoRRAKARRTNE ARk BE RAPATALLTLY Tor mounting at one end

or atip of a guidewre or a catheter. [n. one enbodi nent, a m cro-sensory
tip inclUaos) Ihvareusieatboflonas, senshrd ¢ffopniogiadeidroasensdrs tipifer wk imblgad dewi r e.

[0054] In various enbodinments, .the tactile faorce sensor may.be .

M cr o- El e¢t6- 152§°X}g%‘ﬂa ec%‘le&‘ggé?@'nﬁmf%ﬁ% v‘@ﬁ‘ﬁs% OTet gﬁ%%%[sé?n F%glleﬁtdi ng a
f or cejot r asdaplidSitQbase iRéefice ddledting sé@ors ofthé farE OtranseiisiibnsdlémiertUsach of he
force transm ssion element acts to transmt the force appl.ied on the force

transm sshormt deastrdhiectiores deippide msHs gisPRPISWASO: fages pRplicd oRetthe doThg
sensors  GaphRdioh Qdnftat, Werén LA ThS §i RAst $hielFdtte ddBRinkQeRBrsbasdes N9
sensors are responsive to the force applied on the force transm ssion

el ement . an[@OBBrepiresentng aUeast apofhireregpnmponehteofaghree-dimensionak Camesianl conent

al so acts a nechani cal sto I 0 [ t hre | evel
is exert eoda(s%tetsﬁ%erflb&ctge korrgen%x%ggg?c%%g |‘%nfé’g‘{¢?‘?"t“§é%§§§ e%?‘%\?!}é\hg&gﬁég -

r obustsnesgutgidts bheheMitMBast alieo rforkt rdecdcting serfs0f35&n davew diel pase efritedihmeent s, t he
MEMS sensQr structure.is asa_errbl ed tpgnedtaher Wth 5 apfl i cation specific

i nt egr at HmERsiQQs Catesiangocyrdingte sy ers ICRYPHE 21 Ativg element Yrangemeptip o

i nf or mat i\Q0 of (R8N thie HeMAehLRRO berdbisUtHeUicAvé BleBieHEhrdn@embmdonfigured to .
comuni cations wWith an external display devi ce wherein an operator can read
t he for ceprecassithe@uipni Gpmehe afrledshthresfiorqeidetectimggenfERS structure and ASIC are

assenbl edahinthe: for . ¥ . i . . j pdewire.
The. ot acoU8 VUil EbBnftyB A6 At SlnilBARhichd i Hudifiea LeficHord? sBhof H11 1
di menmi onthit ik iseasitivef antl rebuyptii Theevwinicgo-sémsonyatip cudesinbd dndrpartkeged: toeachiesie k

assenbly may have m ni num wi dt h dj nensi.on.of about 140 14
ni cr omet eﬁ”f‘%{’aﬁg‘gm ?OZO’ﬁobqﬂnga%A e FEoOhh Gt 056’05?19%‘6‘66 gh? %&f’%’f} ?’VQP? ous
enbodi Mendpsbodfmédien RiceSSisoytiptintluding xRl Htédi@nsoriggiovided sehstp ofat h the

di nensi ons _of about 350 gm about 5 gmin dianeter and having three
det ect i n@Uldewue, _ ,

[0054] In various embodiments, the tactile force sensor may be a Micro-:Electro—

25  Mechanical Systems (MEMS) sensor structure, including a force transmission element, in
the form of a protruding structure. The force transmission element acts to transmit the
force applied on the force transmission element to a number of highly sensitive force
detecting sensors coupled to the force transmission element. The force detecting sensors

are responsive to the force applied on the force transmission element.



15 axes representing three force vectors. The tactile sensor nmay have a
force detecting functional range of about O nN to about 25 inN 0.1 nNwth
0.2 N r e¥Ol20t/e54and <1% hysteresis. The tactil e sensoPCHEREG20W/000317
sufficiently robust to withstand a force of up to about 10 N, In further
enbodi ments, the tactile sensor may have the dinensions of about 150 gm’
about 5 gmin dianeter, about 200 gm about 5 I.LMin dianmeter, about 250
20 tim about 5 gmin dianeter or about 300 gm about 5 gmin dianmeter. In
further enbodi ments, the tactile sensor may have a force detecting

funct i ond0053 Hp&aneusasehedirenin thefostsdransirsion elemen plse a@Fétaéétf!iqﬁtQaIleﬁhct i onal

range of d i ge -of
about 1 I\ﬁﬁﬁ%g%‘b”%erpi\llfépﬁﬁagﬁ%gédf%ﬁ PI her " en(%(?eé'%ia Y ?’Ee?t%{l Fen%g %lﬂlssél?g may be
suf fi ci erdényent,ahersby intprowihf sieanbustmebooithe MEMP sémsoahtmd:turé’. N, about 525 N
or about In further enbodi the tactile sensor ve <0.5%
hyst eresilg()é\élzl%"ﬁ?%‘t Seflgdimentsg (Fe WW&P%‘“&F“@S‘% ‘ﬁfé?e&bé‘gf get ity ngly,
the vari qisliambe dharem r‘htégﬁﬁéd SiRQIPPASIE) 1 Sobiss QAR Riukiphék heTSeE related

speci fications such as mensi ons of about 350 gm about 5 gmin dianeter,
bei ng t hdnfpanation fremahe MEMSfsepior gevituissin ordarde sienl iy cpmgnumicaonsawidlet ect i ng

force ra ahou | =10 maxi mum
force of Q%p e‘;méef‘@mé?ay te‘ﬁ%é%@]%%? gﬁ’?‘g%ﬁ% dlthlés( (;rrg gegat%é\étge&%assga? of a
gui dewi r eedl finé. thmJg/lEMSbsltmonhre/ea&eﬁtSIﬂ:Oa’&e aBkeentded drevher fori0Of amsyackefor nsert ed
t hrough an entry point. of_the. organism 104 into the. Dbl vessel 10 in
whi h°t haneBR ArRotEGiP PLe SRR GET Ton sk aiveni: o NEMS ARG ARGs 106
and 4@6b ASIOnayy BalvahinBe SishédSivhilgini0Bf the gufRWaeSH \'aﬁﬁhéj&nb&ﬁméﬁt@ Qfle vessel
5102 to a target | ocation within the organism 104. [0059] Figure ‘1B shows
an expandtagk passempblyt may haveyaomiBimg b dimgusion ploplast atddngm @&tile
sensor 1 [ rding to various

enbodi rre?tlgig (%?e(?é}ﬁeagglgejs&e) ?@%R%??W&F%oggﬁ(ﬁﬁgﬁr ation purposes, an active
el enent d0053hdémens einbodivtentshudthe presdit guvetidBmaypeovide & itdctils smsar witlDs

i ncl udes f.orce. trapsm ssji.Qn ele in.t e 1 110. a
styl us 1f§e SWEF FoBvEy 2 %i%5$ﬁlén Bbo‘g[{;) &i ﬂaaéldg}aﬁgllgaﬂdwec{? i cal
st r uatsur exbaydpigedtinpAtiréey fordd vedierse rnhettballs tsyxtsus raéyth h domt adtteclihe

perimeter of the cavity 116 is in prOX|m tothetg 110. The ball 110
i s coupl dunqtignglfangsnef dout fank it aheut2pomy, ern@N Wi E’g%n%éesel&vpt gnd 16,
wi th the Qofgya&iss ahe t&tﬁléstextdﬁnalylb% sahyééxﬁﬁlrbwusewit&%m foR@ drafYo 114.

The tactile sensor 108 may M cro- El ectfo-Mechani cal 15 Systens ( MEMS)
sensor. [dbo@dO ¥ Igtfrnéher@nﬂwdmenés, thertegrde s¢nger mpehavsf the dingensions obeheybr 118

wth a C%tgggtgﬁ nem%ht 9%& fy Jha{nﬂfel- TBb: idbe;ilittg«é’ lrlrtg);n ééﬁg i QiAferQ! A SsM LN

various e S g sensor
M cr @oE! qah Hoabdac Bannoaldxﬁyﬁéxemd(dtfl&ﬁ) pne&satbbut Fhen ti; dianketers Enfothed 18 nay
|ncludeaforcetr:i}§ta sion ele i ar m.of

A

i tyl us
195 ana STSSUTIRY. TRcR SOBOE IR by B RSP RR A S THION 5
spacer | a¥Qfo dBout 30GnN, $ HWrEdQeckiag ﬁﬂmnﬂﬂaﬁ_ﬁoﬂm&m APt Eout PN side a

cavity 126 wherein the stylus 122 is |ocate The perineter of the cavity
126 is i dojse dgiepting fupefianabrapgg pf abpgt 1 N tosaheut 1 Hehhfslﬁ‘hé%‘?fﬁ‘t@dmﬁﬁatth‘t he body

124 may tt%{fltze %%F?rfrgwé‘agﬁé@ﬁtﬁ?r %LStQB I@@l{hs hﬁ lal(f&lé %? u% ft(P bbduf Q'ﬁ’ll a%oﬁ’t $u boi ‘d

25[ 0061] 0 1s coupl'ed to one en e stylus 2. The .
styl s 12P opalmm§ Nhhnﬁugthext trebabmenty, the Gactiv $dns¢rhaay)hdrl®r<(b5% HyB@resis, t he

stylus 12 S|caIIy %tothe{ggyl4viaannbr f cantilevers
T39a. 13507 DI 1% pbe T S RS ot B Rt 18Mobhe bal
120 is CQHiUo@ﬁ'ndnt% hée tﬁ&ﬂ&’dl&aﬁ%q&m@nﬁn@on sensor specifications such as: dimensions

of about 350 um =+ about 5 um in diameter, being the general diameter of guidewires,

three detecting axes, a detecting force range of up to about 20 mN and the ability to

30  withstand a maximum force of up to about 2 N.



cross bar structure. The 4-cross bar structure may include the stylus 122
| ocated in the 30 cavity 126 and the four cantilevers 132a, 132b, 132c and
132d, whewe 2hormss4det ecti ng sensors (not shown) nmay be @cspoaed/obésereon or
therein. Accordingly, the spacer layer 125 of the body 124 is | ocated
between the ball 120 and the force detecting sensors (not shown). The four
cantilevers 132a, 132b, 132c and 132d may be arranged on one common pl ane.
In addition, the four cantilevers 132a, 132b, 132c and 132d may be arranged
in a substantially X-shaped arrangenent. In various enbodi nents, the 5.
cant i | evd0858] Ipmure 13820 nstieg8cdhepabsagef avgyidewire 460 thenghemblood) vesselud2ur e
where force detecti sSensors V. be di sposed therein or .th on. ..100631
The. tact (16 SEERSHE DRG0t Mar R rel bR g Sel 3t B o Bt b o ) oo
134, in aloddwesesl dogj inewhichnhd goidewire 10a\s thenlgfidedThe ag dpearator usmg diig Cl es
134 function as etch stops durin%Bthe fabrbﬁation process. o tile

the ta
sensor 1hgndsTHiSarand; 06k tQ @augate tha swdewire 10H &9 trfﬁerﬁﬁ&sl?&éh%ngrﬂéﬁseﬁf

cont agt PRde, a fPfet WA Rith thEDpaReNted by 136. The cantilevers 132a, -
132b, 132c and 132d, the concentric circles 134 and the contact pads 136

are di spd8es9] dirgurdéB shewaareexpagdedieespedtineadew oh d guittwirarl €0,pnesrperetdng or
el ectri cal nmuni ion W t,h Circuitr. r, an agtive ele I arranggment
That  rmy e serar DR Pt beind Elitcite fio, B oREML 0B Bitbo LR GETTT
15[ 0064] tid gresent AAvenibh.CRorsilln¥@atidnspuipdses, e bapecdlenient viremganhent Hie nbactil e

sensor 118 of .the enpodinent illustrated in Figure 1C. is shown to provide
repr esentsBeVB HsFigpre ]aﬁerf%‘ﬁ’_é‘? B‘H‘éoro’foaé[ lﬁgl“fi%&at i‘q%%e g@ﬁg’bﬁs“’_fl%‘?meﬂtre‘nﬁlﬁf | 120
i's cogp! ggmt 8f & Ka1NABY a 384usVi 1@ #hdda bEAPEB4.PRHe BIdyULUNEy IRGIddA RAloWh e

stylus 122 and the four cantilevers, for exanple 132a and 132b represented
for two oblindrisaksmectucehavingy eavity 110 wiwoes theryiglus 412 is|lacates dbe parirgetey

vari ous i_pen . i L el S i 200 of
'he. bal 1 OL00 ol bl B plih int B P W RANTTE N ELplcd B ol BT 100 ©
styl us 12R1useiy 2passhisthpongh Theecavitptlilbewih tHearthydriend 04 thefstydasc hl 2gthysibaly
cantilevers  132a, 132 e 10 m 6] Fi .2B .5h ded
Viow of ERPIE I Pechal THh MG iptls Shacri 0B banbr Bago AR VEBEDA: ment
of Figur &ydibms (MEM®)Weskobe appreci ated that while Figure 2B illustrates the

cantilever 132a, Figure 2B is also representative of the other cantilevers,
for ex amﬂ)@ﬂi ﬁeg%héish@y%a perspgstive view of a tactile sensor 118 with a cut-out section

to illustrate the stylus 122, in accordance with various embodiments. The tactile sensor
118 may be a Micro-Electro-Mechanical Systems (MEMS) sensor. The tactile sensor 118
may include a force transmission elément, in the form of a ball 120, a stylus 122 and a

20 body 124. The body 124 may include a hollow cube having a spacer layer 125 and a
surface 138. The spacer layer 125 may include a cavity 126 wherein the stylus 122 is
located. The perimeter of the cavity 126 is in proximity to the ball 120. It should be
appreciated that the body 124 may take the form band shape of other structti;res, for
example a cuboid. . _ : (

25  [0061] The ball 120 is coupled to one end 128 of the stylus 122. The stylus 122 passes
through the cavity 126, with the other end 130 of the stylus 122 physically coupled to the
body 124 via a number of cantilevers 132a, 132b, 132c and 132d.

[0062] In the embodiment of Figure 1C, the ball 120 is coupled to the body 124 via a 4-
cross bar structure. The 4-cross bar structure may include the stylus 122 located in the

30 cavity 126 and the four cantilevers 132a, 132b, 132c and 132d, where force detecting

sensors (not shown) may be disposed thereon or therein. Accordingly, the spacer layer

10



[0067] The cantilever 132a may include force detecting sensors, for exanple
as represented by 206, disposed thereon. Accordingly, the cantilever 132a
may act asoa0B@ssmssi ng structure where the force det eccmgcaen®oss’ 206 nmay
be di sposed thereon. The force detecting sensors 206 are generally

nanosi zed, thereby increasing the sensitivity of the tactile sensor 118.
The force detecting sensors nmay be piezoresistive sensors and change their
resi stance in response to the force experienced. In various enbodi nents,
the force detecting sensors 206 may include nanowires, e.g. silicon (Si).
nanow r esl25Tdfehd body. 124 isilamated beasmesni the balhh30 el the fforcereblectingldeasdre (mpt
silicon) nanow fes_.may be nmade, of |y stal li siljcon or .single .
crystal ﬁgPWEbnfhe[ &%Sﬁwflﬁvﬁrﬁenéﬁbig%ﬁﬁé ?’&o l%gcf&@yd § arpngeq %Ié%%r s 206
are di spepandiplale GARdditi®Y Ghe FdacanfitelsWB 260138, d8beGhil NG28 angpbs 206

di sposed on the cantilever 132a may provide differential sensing, thereby

provi di ngr@ngrehdeda sebsientiali yX-shaped namangement; | lpe varepsdicbAtimesite her ce
det ectd ng. . 5@RS9L 1398 8%, §SdL5Pa584 nof} hdiGsCRPLLAGYE Snk3dR whetD £6:2069] The

ti
2

force “det ec@?ng sensors 232 on the cantl%ever. '13Sl2;a are coupled to the force

t ransm ssletaoting saxmsors mayrbetdisposak therein arileerbad. | 120. Sinmilarly, force

detectin rs di.sposed t he cantilever .13 and the. renmgjni.n :'
cant i 1 evdPlo3 e Jpaie Septiar LB fusther, E5Res 2 SRR CRF G PElEn > i #0 [ 0070)
I n vari oW Qlikie8%dH Fom(tBe Bavisy 126C ThR¢ chrditic/ciiled 84 BigReonlde efch stopei r
superior 15 electrical properties, therebY enabling smal | form factor

sensor delyrigeshe fbricatipn Rercersfiibe tegfilesepser! P The petilsprsopd 1 fimay duthshs, the
cant i {oevehc AL huaider 8f bt gﬁg%,'eﬂof\é%mﬂxé 28 rift¥sciRdIY 198, THRI ftileFerd -

silicon) nanow res as the ex or the force detecting sensors 206, the
| engt h 2102af 132%be 132ng0d 1306, teycobeentmp cioxlesrd B4 lapd thecontadti pads t136 ai¢ anet er
212 of thg sensor 206 b pRsoximat el y 90 2000072 n I QUS
enbodi nen‘ﬁ?,oscf °§'h§11ﬁ 3{%%%3 g‘eg{h &t (éordrﬁ?cﬁaﬁ{adts)t Ilﬂlgérnarrreat er?Ylg (1s,tlo oe\r{&égl(%l?rpl e
sem condugh@iuni®tion ivatisciscuithy as as attiveodlergait maahguimdnBitiae mayder pasitionsd (Ge) or
gal l'ium arseni de (GaAs), which npy exhibit piezoresistive effects, may be
used for qdﬁéentd?éssaéﬁ%ﬁffr}aa é"ﬁngﬁ?%mmyn vari ous embodi ments, -

Pi ezofsesiBhéd| FipRt OAl IhrhSHEWs ASindiaA FBRFectivE Vie®OST theabiid edsor €18 Sthear bo
nanot ubes, may be used for the force detecting sensors. In 25 further

enbodi nermbodirhent f iWnsteatetbtincFigny dEndorshownytoc prpides aenrescatagonstof tther , it
shoul d be;.appreci t r i: r t . form of
ot hor - deri ST & et echg, LA T8 Rh 2D B RAP B Do BBy 134 Kid 13

enbodi mentréss bhhenicarre mchidirgtthe siylusd 22 and th2G6urrantileves$, ddeexample 132a and

met al oxi de-seni condyctor fiel d-effect transistor (MOSFET) formed therein.
The N[)SFEl%‘gzgéeH’i&VmBg??retgvﬁ&@f"va“E‘&f‘“ﬁ??’ﬁré' or stress. '

20 [0065] The tactile sensor 118 of various embodiments may have the following
parameters. The diameter 200 of the ball 120 may be approximately 350 pm. The stylus
length 202 of the stylus 122 may be 450 um. The cantilever length 204 of each of the
cantilevers 132a, 132b may be 100 prh. |
[0066] Figure 2B shows an éxpanded view of the cantilever 132a of the tactile sensor 118

25  of the embodiment of Figure 2A. It should be appreci_atéd that while Figure 2B illustrates
the cantilever 132a, Figure 2B is also representative of the other cantilevers, for examplé
the cantilever 132b.

[0067] The cantilever 132a may include force detecting sensors, for example as
represented by 206, disposed thereon. Accordingly, the cantilever 132a may act as a
30 | sensing structure where the force detecting sensors 206 may be disposed thereon. The

force detecting sensors 206 are generally nanosized, thereby increasing the sensitivity of

11



[0074] It should be appreciated that the ball dianeter 200, the stylus

| ength 202, the cantilever |length 204 and the cantilever width 208 may have
di f f er entwoi20emssn8s, depending on the structure and appkirsatiomoesi7t he
tactile sensor 118. [0075] In various enbodi nents of the present invention,
the tactile sensor 108, 118 may 5 be assenbl ed together with an active

el ement arrangenent positioned adjacent to the tactile sensor 108, 118, to
forma mcro-sensory tip which can be nounted onto the tip of a guidewre
or a catheter. The active elenment arrangenent is in electrical

comuni cahe eavtild bémsor &1 &. dlei foeceséatsajinglﬁmor&h&ytbﬁ preearesistivehsensars @edr el at ed
|nformat| n_or na fromthe t?{l} e sensor 8, 118. 10{)0 % Ftlhgure 3
shows an < %‘8‘8 SIHOse TLEERTaf Wr &7 °8F"Pae"ﬁi’%e oS EHOH §0 ?% 'S,

accor di Ngofce deRetiRRAIIR0E mallifclidChifnsaRs ¥ g silicBn 899 nakyvite3CThOER. 2
tactile sensor 302 and an active el enent arrangenent 304. The tactile

sensor 3GiGeRY npRRWiRemay berdeformablss s d£-8n sidicemernogyss mpyebemadg ©f el enent

arrange | ¢ Sl datsifBR! i cation specific integrated circuit
(ASI C)g gg%ﬁ %Q%@Jesé%% gﬁg%céhr or?1 specific 15 integrated circuit (ASIC)

308. The [D%ﬂlllheorzaenmbpdmm newo Herca ddtenting Eeasdrs 02069@hald18pa$ed89sttbcrs

(MEMS) sen e tactll sensor er vmth t he
hottve ol BRURTer AP A RR rRE R e LS A LR ae P

i nt egr at geowGHE dufitdrent{af\Skising, IVGeby3Phoviding teikariced rgbﬁsﬁmatys tha(hkl zumﬁam/m t he

m cro-sensqry_ tip 300. In various enbodi nents, the stack assenbly of 20 the

tactile <amogimentongierce deteeiing senser 206 meybeidispesedondhg eantileves P@& ts (ASI Cs)

306, 308 [366v) fhte%&etde&cfihgeaﬁbﬁrﬁie dd {Hetcaﬁme%}ela@wa@@wp%dffarth@%@el ng
onto the tipo he guidewire. [0 he m cro-sensory tip 300 may be

packaged transxalss@l stiemdnt wlmetlel fermhef thadzalll 826G e’immlﬂrlgoﬂ)r@r deteeting| sp08915 cal

conmuni ca, SI an_ M th tha%tl t| 9 thsepr%m fi.c reastgrg & i rgow t()? | Cs)
306, 308 é’s?%él% roug 1 con fx}f%gf no ogy. th 8 silicon
via (TS\/)foﬁcemﬂaﬂﬁhl@gynelsmumder stood |n the art and wi Il not be described

here. In aI rnative e i ment lication specjfic | ntegrated
circuitsl é?(%)"agﬁ‘ff e WWS’ é%?fglgﬁépgﬂ’%@étaﬁ%l&\%‘i Cf SBRF°E sensor
302 aprd %@é&ﬁi&ﬂpﬁoﬁeﬁ@@ tﬁe@agﬁendﬁﬁ@gcgmamfoﬁﬁ@w&eﬁmueﬁgﬁw via flip chip or
w re bond |n_‘g ] m cro-sensory tip 300 nay be nade of

bi oconpatlP®Tld Iﬁﬁ@klag rtmglgwméanctemsef dmpnsiops,tthe cagdevenyigth AN the human
body envi ﬂ@ﬁ?tmgt&%ﬁ%%ﬁﬁ% gﬁr)lggg OsifiE q{a%owhlas?ag’% éﬁ}ﬁ flé {‘Oq‘ctiléy ma‘ke

contact w exa esse | unmen an organit sm
force detecting sensors 206, the length 210 of the sensor 206 may be approxunately 1 pm

while the diameter 212 of the sensor 206 may be approximately 90 nm.

20  [0072] In various embodiments, it should be appreciated that other materials, for example
semiconductor materials such as silicon-germanium (SiGe), germanium (Ge) or gallium
arsenide (GaAs), which may exhibit piezoresistive effects may be used for the force
detecting sensors. In various embodiments, piezoresistive materials such as dlamond
silicon carbide (SiC) or carbon nanotubes, may be used for the force detecting sensors. In

25  further embodiments, the force detecting sensors may comprise metals. Further, it should
be appreciated that the force detecting sensors may take the form of other deformable’
structures, such as a nanotube. |
[0073] In further embodiments, the force detecting sensors 206 may include a metal-
oxide—semiconductor field-effect transistor (MOSFET) formed therein. The MOSFET

30  may be responsive to force or stress.
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[0080] In an alternative enbodi nent, the active el enent arrangenent 304 may
conprise only one application specific integrated circuit (ASIC) 306
assenbl edwai2oh/aspast actile 5 sensor 302 to formthe m @COTSSMOONB1Ti p 300.
In a further alternative enbodi nent, the active el enent arrangenent 304 may
conprise nore than two application specific integrated circuits. (ASICs)
assenbled with the tactile sensor 302 to formthe mcro-sensory tip 300:

[ 0081] Figure 4 shows a schematic diagramillustrating an application
specific integrated 10 circuit (ASIC) 400 of an active el enent arrangenent.

I n vari oU80ZHHbahanbdbs  appresiatgspibiat ghei ball dismeteri200; theetivlus dength 20%i the(AS| )

400 may inghude %Pgtg[?% ngé e GhhIona! wﬁhp%gl R hlj%id?ffét@&sﬁ’i'ine#ﬁ%ﬁ{f ace

and rul tiplexer a data converter an interface with
ext er nal depadiing il the ktrd@6reand applalatak ofthe tavtlet seoorBlldck 408. [ 0082] The

et oot i ngVIR 3R P05 FibabBet Bhodporal BEnkpr ot il et s DifRays
anpl i fsy, yeofddhblod tggreherUlith Bh %ti&éﬁeleﬁieﬁn&h@g@meﬁuf;w&leﬂra‘ayacéxhetof @ece

detecting sensors 410. [0083] The data converter block 404 1s coupled to
t he sensdgctilsensgrakds, Ak torfarm pmisresenspucip whirhtcan e smoupted opipnthe dipfofom t he

sensor | [Fd%ﬁée%?e A A dr! ﬂl@é&{ve Rkt éxqgn%elﬂaﬁt 23 8e '@Mecrohﬁtﬁurmaﬁgﬁ. 404

may i ncl an analog to digital converter 1o convert the anal og 20si gnal s
f rom t he widnthetaciitet enfaxd@8.aN@ toprdces thx farcdtedatéd fidmatiowodsigial fomdhea.

[0084] The jlnterf(a)@g Y)\f h external reader block 406 is coupled to the data
conver t er®BYO¥RSA0L®t b'% ecei ve and nodul ate the digital data received from

the dat a [0070] Figee biss AD4xpldtal trobLEdotioralWith ¢fxd edit@lschaagelp Bopck 406
then transmts the digital data to . the external reader npdule 412 via a
2-wire i rfcerdingdo png embodiment o Pl pcrgisensopk Hp 399 max Highide ;) Bele 2505086 al so

recei ves ﬂ@%&iaﬂgcﬁmgnf&og%%ﬁe&@@m ThE 1Rl AR 308 366! indRdLL §ordd 2 Vi a

the 2-wire interface 414. The external reader nodul e 412 receives
t he dat a tfangmssihe egpéntcHiSi dhespsive falement arrangement 304 may include a first ‘

application specific integrated circuit (ASIC) 306 and a second application specific
15 integrated circuit (ASIC) 308. The tactile sensor 302 may be a Miéro-Electro-Mechanical'
Systems (MEMS) sensor.
[0077] The tactile sensor 302 is assembled together with the active element arrangement
304 including the application specific integrated circuits (ASICs) 306, 308, in the form of
a stack to form the micro-sensory tip 300. In various embodiments, the stack assembly of
20 the tactile sensor 302 and the application specific integrated circuits (ASICs) 306, 308 are
within the dimensional limit of the guidewire for mounting onto the tip of the guidewire.
[0078] The micro-sensory tip 300 may be packaged in a 3D stack wherein the tactile
sensor 302 are in electrical communication with the application specific integrated
circuits (ASICs) 306, 308 based on through-silicon via (TSV) technology. ’fhrough—
25  silicon via (TSV) technology is understood in the art and will not be describedj here. .In
alternative embodiments, the application specific integrated circuits (ASICs) 306, 308
may be assembled together with thé tactile sensor 302 and coupled to the force detecting
sensors (not shown) via flip chip or wire bonding.
[0079] The micro-sensory tip 300 may be made of biocompatible packaging. The micro-

30  sensory tip 300 may provide a human body environment interface as the micro-sensory
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integrated circuit (ASIC) 400 and conmuni cates with a conputer, represented
by the PC with display block 416, to provide data for display of the

f orce-relNsOed1lvos8Smat i on on the 30 conmputer. [0086] A ®CHSK20000ed7
represented by the clock and control block 408, may be coupled to the -
sensor interface and nultiplexer block 402, the data converter block 404
and the interface with external reader block 406, in order to supply clock
and control signals to the various functional bl ocks, thereby synchronizing
the operations of the functional 5blocks within the application specific

i nt egr at i 390 syt dingty myssniact vefp Py eb@“@t‘ﬁpF@c‘P‘ﬁ?‘gdef’tsﬁ‘alW%" #upl i ng
bet ween tollj X Ellljfgcti onal blocks within the application specific integrated
circuitry %R ) 400 may be by el ectrical connections, for exanple

el ectri c40080] e an alternatiyeO@@Ridithentytheiaotiee elrinenti ammngement 364 apyyl doogirison

:S),Egd " OIQB} o 5 i ﬁ‘i?‘{)gly%#&?/ingﬁérs‘h%ﬁggth g?@y%ogays?%“i ?%3‘?‘@’2&3 tg{%ﬁggou::h
gm X (o] . rimg , e
M Cr 05SenRgRoLY 302 fo $8th dﬁtrﬁmossetnb@yftgf 860.dfta fugtheNaltcReative edollindds theési on
el enent 305 of the tactile sensor 302 and transnmits the force to the force

det ect i ngcensismeny porapgAment 304 Y | sRERSISEnBAte Hiapaivpe gaplicaton seefiifit ed to
he f :00: i fj f
the for C%mgg{affgggallﬁgnggnz@f&sz Oagése%ﬂ%d GRA ahggaaﬁe §9nsef 3685 &5#,@@59%- rom

the force sen to produce force-related infornmation for
conmuni catnsonsti@d@D.t r ansm ssion to an external display device 416. An

t L gati i dewi ith t i - y tip.300 d
Che gu adiii ¥k § B A otitbie Wt Afioliig Arodp B ion spRIFC PdiRgd, o
di spligy daviiegasi®) 4DOQI0n hativeacleMunt aFadinRBNtIE, vadoul @afodiniunes ther ce

detecting sensors coupled to the force 20 transm ssion el ene are
provi ded apRlif@HoR spgciide areastted eyt (fek{o 4Q0hmax madpdeca qumbes émg%%lbr s

produces 1 gRgOut 4 EREGSAREAASaRL mhl?i?ﬁ:txexoﬂgclt 2L 5 RARAVERr Hbcka04,

t hree-di nensional Cartesian co-ordinate system of the force experienced by
t he f or cantinterfswivsith exterailanasiet blogki 466 arha cloplearsiropirokblodk 408e at | east three
force det I sensor. an caover..t.h e,0f . t eq- di |

Cartesi ar{&@?-] g}%ﬁisﬁ%stotra “‘3&’7@ s d %ltl lgg?r\s}ggé%‘l&e]lsecﬁgﬂfwgor rﬁlg%gﬁgﬁt&@%pl ed to
the ats | gasbrs) hepresdnbsdc by diht exchiddy Hesksdl 8, therocpssocmgdify tdeitount pod from
the at least three force detecting s nsors.gAOOQl% FL(ﬂure 5 shows a flow
chart 50004fplex thesignats of oppRisdEPm fherlgrosidhtyetingseas®s dkhsory tip, according

to vari oygog3aadi diBdchverter blodkOARRis BupRAde tie {REGEnterRES ME fultipléleenent
accordi n%iéto vari ous enbodi ments is 30 provided. [0093] At 504, at |east

t hree f orbdeskdt2etotteprives sigaals Sromr thecssapiragterface prd myhtipdexer hloski493i She

el ement, o t : : ' jve to
Forco. apiiicqnged ARy S5 mclieh el BF L aaD SO Rt AERAIOL Y2,
| east20t hrsamalk dronethdatmsot imgfase asbmsltiplocdublesk 402 me gigitaldafar esent i ng at

| east On?ﬂ&%ﬁ C[‘ie ?r(ljte gcre]:e\% cgjterﬁaltrgzgd%le Bl%lclr(nigg 1socr(;gll)led to the data converter block

404 to receive and modulate the digital data received from the data converter block 404.

The interface with external reader block 406 then transmits the digital data to the external

reader mbdule 412 via a 2-wire intérface 414. The interface with external readér block

25 406 also receives decoding command signals from the external reader module 412 via the
2-wire interface 414. |

[0085]) The external reader module 412 receives the data from the application specific

integrated circuit' (ASIC) 400 and communicates with a computer, represented by the PC

with display block 416, to provide data for display of the force-related information on the

30 computer.
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5 Cartesian co-ordinate system of the force experienced by the force
transm ssion el enent, such that the outputs of the at |east three force

det ect i ngveepsldIsg246an cover the space of the three-di neRETSGAN10THIH 2SI an
co-ordinate system [0094] At 506, an active elenent arrangenment is coupled
to the at least three force detecting sensors, the active el enent
arrangenent configured to process the output fromthe at |east three force
detecting sensors. [0095] Figures 6A to 6J show cross-sectional views of a

fabricati om’ﬁrocess to manufacture a tactile sensor (for exanple the
tactil e JBO8MIrA tlogk devirs. gapresenzddry thgelack and epatenl blagk 408, maybeegunled and-

rZTQ) accqy, %@Qegfs&ﬁ\gfeﬁ-faegﬁ?&maﬂq%%pi-,.ﬁyck 48998, }adm. fangg&i 0ok @(foxi%gs ate 600

y be provide e su rate be silicon. buri e e |ayer
602, for isteefgd with esielriat oradeli recld 404, ayerder its sépplyreldclo and bentmllsignalatte 600,

f ol I owed a.se ondu | ayer ,604. The se condu y be a
| ayer of tﬁ%l"ﬁ’&?‘fﬁs Fie Etbi(?clkFc regy Sé’f‘ﬂ’d?‘é'z’(?ﬁ%f aﬂpersa 8#1?1YA{:“§’56%’}‘?3’8 buri ed
oxi de sl ayrsckd XGshird BE a gﬁﬂﬁﬁﬁb@sﬁécﬁ‘id1ht@Qfﬁtedlc@éh1d@0(b .ayer, IS then fornmed on the
sem conductor | ayer 604, followed a sem conductor | ayer. 608. The

seni condU@9HH It é@%‘ﬂd boappragiatsd thatlth?é?uﬁmgsheﬁme@ th?@“‘t?ﬂ%%l&lo%‘?l"i”&l% The
sem cond

sensi ng oo auryeBNE piif iRelaf ol (RSIGNIUGRL AuP Ut TonRELS:
tactile sfenmmpttﬂagledmca‘la\brescat ed u5| ng a double silicon on insulat or (S_O')

oot (0091 3RS o St 467 REPARE pricl skt bkt Wit 466

silicpn IRfve ditfieHsRIng bf S0t 356 fuiUCAbouE3 SRR bihing. t he substrate 600 t he
buried oxide | ayer 602 and the seni conductor Iayer 604. buri.ed oxide

| ayer 6040988} Rsderging fq Figures diandide theimigearseasrty tind V9 dste ‘6 Sracing et 604

may be a ¢, apeL t?énsﬂl?ésmexéﬁ&t B0 et FiRscREorSi0n Ghe tﬁﬁs)fﬁﬁs&he fdrkd @aBe  The
sem conduct or eiayer Is used for the fabrication of the nanosized

sensi ng efb@nﬂiﬂ@tlagtscnsgrsaél(t While dhe activet demem presageroens 304 @opkH tprihe
f urt her &g%%g {TE Qn%ensﬁrstﬁﬁtlé lcc? SdOto é’es? ﬁlefcﬁlgggdt trr?ﬂme%l’c@%e?ecaﬂ k force

silicon the 'n&hod 7&d nS|n acting as t
det ectsi ng;eﬁsbrssolrosto payduee fdrabrdlatad dorntaebe Gor mmmmaﬂbm an'ﬂheanbmisklonlttb i con

waf er may be poly staJljne silicon 0099] In varipus e rrents t he
structur ea“o?"t%?leglsgl Kee fﬂ%r Na??%?f[’bf‘a‘(‘k@“tgaﬁtguf WSres‘g RifObe about

0.5 pm t QeAldPYtip 306 nitilintedREidigitieRiteldif rédnthé Eatbé-Rilfted hﬂmmm aal t he
enbodi ment shown in Figure 6A, an inplantation process using the dopant

bor on (B)tllll%orp@ﬁfdéﬁplﬂé’ ewise tHhe structure 610 in order to nmake the
d

properti he sem con "ayer l'ective patterned or
et chem, rtﬂmsﬂﬁssmg eﬂmndzlinearceprnlvetftdsardldhatchwhmf thayeleaﬁ(lh@tiostholmcting Fi gure

6B, that ma (g@gd to d fltne nang Wre ftrtuctur es 6014 ent o |e%n
process " oﬁ%rﬁ’r 5 88 VIR offPEeRe! g‘?rf}c Srte O £OTFG PRSP yer of

di el ectriGimenkidAe Gitebiahec@brdiniee nanem| ref tier Bitdirexperfchded /‘bysﬂm‘lfﬂd)rﬁg g
el ectron m croscope (SEM e showing a top view of the structure 616

forned i SraspBERop r?lftnhf‘éltarﬁ“@htth"gﬁhq:P‘g‘HWé he piietst e SuEn ABSTHAR SARSE | on
process UghN@vér helsphdeVst the MQLAImERIMENELALiAcRbrdidaR system. The active

25 . element arrangement coupled to the at least three force detecting sensors then pfocesses
the output from the at least three force detecting sensors. ‘
[0091] Figure 5 shows a flow chart 500 illustrating a method of forming a micro-sensory
tip, according to various embodiments.
[0092] At 502, a force transmission element according to various embodiments is

30 provided.
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15 dopant boron (B) than the first inplantation process, is carried out on
the structure 616, except on the nanowire structures 614. The second

i mpl ant atwonoprgass is perfornmed to forml ow resi st ancecolss2eionoesiact .
Next, a pre-netal dielectric layer is deposited and patterned to open a
contact to one portion of the etched sem conductor |ayer 612. Subsequently,
a nmetal layer is deposited and patterned to forma contact pad 618, as 20
shown in Figure 6C. The contact pad 618 nay be nmade of gold. [0102]
Stiffeners are then forned to function as etch stops to define the

canti | evel009¥ chudio4badeasathyee foperdetrgtingsansens aee @uiplyy tethetforeg tansmissibme

buri ed oxide | ayer 2, e materja vided..to fill. the
opent ngs. TPk phite o S SiseidefalBE sTRbS e Pentile REDH Rt Eody

shown i n thé GiEetridmidsn dlbheta] whéreiareaphl bpdRes leaﬁﬂhfeez&csﬁbﬂe&t&fge{eﬁscﬁ22a,
622b, 622c and 622d are shown in Figure go However, it i;\qc%ul d be

appr eci atREpAUCRR AN HHPUL JFRIBTENHRE &t anffe%er TR FomRoRest QE @, thissedimensionahi ng
materisal @Ry 1Q§céuardalﬂt9§ys§éﬁ9 h)f%?e for& expbridrdcOb ¢ HRMOAE trafi¥inisidh LIZRGA:, Showi ng
atop VI ew of the structure 620 forned s shown on the right of Figlre 6D.

[ 0103] Sesluelcthavdlepaltnlé$ of thg ab deast thiderfgrdegletdsting senspisedn goverdhe siage of r uct ur e
620 of Fltg %]g 6D . ungdﬁi the buried oxide |ayer 602 to create etched -
segnent s EOPLee-@mgpsional Cantesian cdojordiiate SYSEM. canti | ever, for exanpl e 626, as
shown i n [BooYrA §06, ahuhdieduddhdnt, artagemeihis tooapled &Gahmaay 1t tlhéenlﬁ@det o

reduce the thickness of the substrate 600. An SE i mage SH}_; op Vi ew
of the stdetfeting gengors, @SPH%YF‘?%’T’%‘HWW‘M@OW E?fprp?‘ijﬁ ‘B’EP“t I n

variogs eRbadifteits fofe ddReEie Rusers.metal i zation (UBM 630 is forned on a
substantially central |ocati on on the surface 632 of the substrate 600, as

shown i n [Pl FegBeGBA [tn 6 tshewatiovesestipeadi viewssof a épbrigatiany procassy the
formed inst e?d of @atg%ggggnso e%p‘?% Ir.ﬂezéggﬁlg r&ex(s'gﬁ %8 ok %#Q?:% lgrbq tgcgﬂg Th 2 unp

metal | i zatiomn Ve AR rifcrur 6 "as shown i gure
| ayer 633efdy 1 beofFiguteanCund QA),)act@itimp towatios emtbodinmeasss . of appr oxi mately 50

;BBI’ OIih ﬁdl{)@@ rIxz ??g%lrggx zll) Subas'ﬁgtg%gg (y(g'é prov&igc{ ﬁ\{le s1qbstratteh608l(rll;]§y € lecon.

15 A buried oxide layer 602, for example a silicon dioxide layer, is formed on the substrate
600, followed by a semiconductor layer 604. The semiconductor layer 604 may be a layer
of polycrystalline silicon or single crystal silicon. A second buried oxide layer 606, for
example a silicon dioxide layer, is then formed on the semiconductor layer 604, followed
by a semiconductor layer 608. The semiconductor layer 608 may be a layer of single

20  crystal silicon. The semiconductor layer 608 is used for the fabrication of the nanosized
sensing elements acting as the force detecting sensors. Accordingly, the tactilé sensor
may be fabricated using a double silicon on insulator (SOI) structure 610, as shown in the
embodiment of Figure 6A.

[0097] In an alternative embodiment, the tactile sensor may be fabricated using a silicon

25  on insulator (SOI) structure, comprising the substrate 600 the buried oxide layer 602 and
the semlconductor layer 604. The buned oxide layer 602 may be a silicon d10x1de layer‘
and the semiconductor layer 604 may be a layer of polycrystalline silicon or single crystal
silicon. The semiconductor layer 604 is used for the fabrication of the nanosized sensing

elements acting as the force detecting sensors.
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10 gm The layer 636 may be a nickel (Ni) layer with a thickness of

approxi mately 100 nm The | ayer 638 may be a gold (Au) layer with a

t hi cknesswoR20a/5823%i mately 10 nm The | ayer 640 may be RATISGAV0NEINH) | ayer
with a thickness of approximately 1.5 gm The layer 642 may be a tin (Sn)

| ayer with a thickness of approximately 2 gm The | ayer 644 may be an
indium (In) layer with a thickness of approximately 1.5 gm The |ayer, 646
15 may be a tin (Sn) Iayer mﬁth a thickness of approximately 2 gm The

| ayer 648 may be a gold (Au) er wjth a thickness of, approximtely 30 nm

[0106] Etl0P18idn g fug pﬁm@ém ?&mﬂ@ﬁ@m%m(ym febrgated yoang 2 hylkisdgoBUt on
the struchitePERicRithdhads %ecﬁénﬁlhg me&mtssaem%s@th@%&cy Abtebtide\@nd hﬁg OX: de

| ayer 602 to create etc segnents 650a as shown i m Figure
order to dhbricatedeheregn mgheﬁm, The blkibtaghOQ@/afmtmao'lb@aJOIyyrﬁmbhm siltcoRi gur e 6E,

t he etch ments 65Qa,.. 650b ar art of tiuou e V|ty
surroundﬁﬂ%ﬁﬂ‘évg?wstfglq’é’gﬁm %i}t?ffm geu?reW H‘ fnbnca Ptﬁagaé:ﬁs showi ng a

bot t om Visenéopnalylbe abbutcs pmeao 65c4htf100nﬂddte;oanuidguﬁltthata@libmnst yl us 652 and
the cavity 656 around the sty Sgs 652, as a result of t he deep reacfive-ion
et chi ng dsingrhe embadimert hawngp Higwre fis.j apeimplamgipnopropess WG thy 25656

d
I's esti ggfo Qnttb%r&ﬁ(B'aqg%ErfMdl od—ﬂh@ strI&ﬁredG mtcﬁ&erqg%n&fe tﬁ@@erﬁ%bfﬂdﬁéto§52 B

esti mat: o be about 4 0108] A ball 664 on a silicon holder 666
i s br ougHayer ﬁo&@nnmlvmdntq wae M@@eﬁﬁwe@@mﬂmﬁhe semigondvstoBme630, as

Zgg\ggi Irrgnq%g u{yﬁ%@gel%‘lrt]%rréﬁp abemgétozrig Chggtrgsutshﬁneg %Btlbflgg% ué?nﬁlﬁg?id %tﬁ?llay facenent
30 metohods12asho@nl ind FigarereBh akht othay becised . to define nanowire structures 614. An
oxidation process is then carried out on the structure 616 to create a layer of dielectric on
the surface of the nanowire structures 614. A scanning electron miéroscope (SEM) image
showing a top view of the structure 616 formed is shown on the right of Figure 6B.
[0101] A second implantation process using a relatively higher concentration of the
15 dopant boron (B) than the first implantation process, is carried out on the structure 616,
except on the nanowire structures 614. The second implantation process is performed to |
form low resistance ohmic contact. Next, a pre-metal dielectric layer is deposited and
patterned to open a contact to one portion of the etched semiconductor layerA 612.
Subsequently, a metal layer is deposited and patterned to form a contact pad 618, as
20  shown in Figure 6C. The contact pad 618 may be made of gold.
[0102] Stiffeners are then formed to function as etch stops to define the cantilever anchor
boundary. Openings are created by etching until the buried oxide layer 602, where a
stiffening material is provided to fill the openings and to form a number of stiffeners
622a, 622b, 622c¢ and 622d, as shown in Figure 6D. For illustration purposes, four
25  stiffeners 622a, 622b, 622c and 622d are shown in Figure 6D. However, it should be
appreciated that any number of stiffeners may be formc;d. The stiffening material"m:a.y be
an oxide such as e.g. silicon dioxidé. An SEM imége showing a top view of the structure
620 formed is shown on the right of Figure 6D. _ |
[0103] Selective patterning or etching is then carried out on the structure 620 of Figure
30 6D until the buried oxide layer 602 to create etched segments 624a, 624b, to form and

define the cantilever, for example 626, as shown in Figure 6E. Subsequently, the
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[0109] Figure 6J shows the final structure 668 of the tactile sensor. An
SEM i mage showi ng the ball 664 is shown on the right of Figure 6J. [0110]
I n al ter Msi0I208/836di nents, a polynmer ball nmay be used. PET§GRe9/090%17T0 7C
show cross-sectional views of a process for bonding a polyner ball 700 to a
stylus 712, 5 according to an enbodi ment. [0111] As shown in Figure 7A, the
polymer ball 700 is placed on a silicon holder 702. A dispenser 704 is used
to di spense epoxy 706 on the top of the polymer ball 700. [0112] Then,
using a flip ché&lbonderL a structure 708, conprising a body 710 and a
styl us 7IsRbsiEatg)e}Q may bexthinped ito redyemibe thipkneay offhe subgirath 6P eALPBNAimAgE and

the poly | ] . ; § gt N St.r 08 is

br ought Fﬁ?‘g& oantf) é&e&&éﬁtﬂ@?ﬁ%@%@%ﬁz}-gfggk%sﬁlo%z?r?&ﬁﬁgﬁélftﬂ‘f%ﬁ?% )aki ng
process i[98104)dn varsusi extboditherits) agwhdert buenpemetallizZién (UBM)I680 wCGoshalven 4 he f nal
structure 714, with th al ymer, bal]l 7 atftached to the stylus 712 via
epoxy 706“13?5?1‘31"’#& ce %a[lg‘i‘}%ﬁfﬁ/ PR thesiriges ggzrrﬂéﬁffeﬁﬁ rg%e qoﬁ(?easpﬁﬁoy P BT 700
may beg bige epRatinbiv ehbbdiRintEl HE618 18ydr n@NbSEYre @88 keaa i tinNEhder BlHe Vi ew
of the structure 800 with a ball 802 attached to the stylus 804 of the ..
st ruct ur engalbizatgad¥BMhg to various enbodi ments. [0116] In various .

enbodi ne I 4 - 80 t L SR el t.
add 11 ondP o) TR il phdf peikliiiRIBRE $30°Baf HaGk GhahicBRP L RALAH if P00
fur L he][ f Zﬁgtearcﬁtﬁdirhelr?ysr, 63heaphé lhti(tzﬁﬁttn (T?\aneBMt)l athyckaess ofispprosimagaly ¢ nass
with off-set fromthe sensing plane ence My, .act asc a tri-ax

accel er or@t‘@?‘. }[’eg%i"?‘] 6 %mahbgran%ﬁpi’efe@ﬁﬂw W@ﬂ’t%,}“%‘?ésr og?ﬂpﬂ%?ﬂ?glé'a% n the
form @f aukUBR dyer®3pmhaBe Pnickdli(NDEhyekMthoa MidkaBisthfaByrokEndtd£d00 At ead of
the ball (664, 700, 802). %0118] In general, any structures with

di mensi orkherlayaitG39anay bar geld ¢Hadaysaviget | ps gleproaxipatebht) gmyilthy 656
may be qu’%idﬁgw %é“fdﬁ %{qiﬁxﬁetgf)' 186dr \ﬁg H\(/imhit%!ﬁ?es%f LPokiaGtdl) § SSERSPhe | S

fabricate e packaged 't oget one of nore application

speci fi c layer 642 ataydeai tirc(fn) dayeASiths) thickndse ofrapproxioratel s @ wewo rhhetlaysr 644ich as
t he enbodi ment sho in Eiqure.3. .. 01201 Variqu odi ren t he
mi cro- serf8¥r ¥ ??bndén‘érﬂ (EIQ I Ivélﬁtéﬁtﬂélak%eﬁ£ géa ik glve’tér? :1;5‘3@% ﬁé?zarytse§g%% ot her
medi cal  demi Bes tiniSi)dadriwitixa tHicknessCof appioxim@ylyl®epm. The layer 648 may be a

gold (Au) layer with a thickness of approximately 30 nm.

[0106] Etching or deep reactive-ion etching (DRIE) is then carried out on the structure
628 of Figure 6E from the surface 632 until the buried oxide layer 602 to create etched
segments 650a, 650b, as shown in Figure 6G, in order to define the stylus 652. Although
20  not clearly shown in Figure 6E, the etched segments 650a, 650b are part of a continuous
etched cavity surrounding the stylus 652.
[0107] Figure 6H shows an SEM image showing a bottom view of the structure 654
formed to illustrate the stylus 652 and the cavity 656 around the stylus 652, as a result of
the deep reactive-ion etching process. The diameter 658 of the perimeter 660 of the cavity
25 656 is estimated to be about 209 um. The diameter 662 of the stylus 652 is estimated to
be about 47.5 pm. } , ‘_
[0108] A ball 664 on a silicon holder 666 is brought in contact with the UBM 630 for
attachment onto the UBM 630, as shown in Figure 61. The ball 664 may be a soldel_' ball.
In various embodiments, the ball may be attached to the UBM 630 using a ball placement
30  method, a ball drop method or bonding.
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requi red. The operation of the mcro-sensory tip as nmounted on a guidewre
w Il now be described as follows, by way of exanples and not limtations.
[0121] A WDepo/Sesory tip conprising a stack assenbly ®CT&GReI01000387 sensor
in communication with an active el enent arrangenment, according to various
enbodi nents, 5is nmounted on a distal tip of a guidewre. [0122] The tactile
sensor may include a force transmission elenent, in the formof a bal
coupled to a stylus, which in turn is coupled to the body of the tactile
sensor. The ball also acts as a nechanical stopper. At |east three force

det ect i nd 0L Figuse £ shews ghe dinglostrysiure 680k theraskle sersar-efe M imgBe ch are
responsi v I . transm ssion el enent such
t hat eacﬁﬁ%\?ﬁ{tgﬁlégg{lpﬁégg?A({Vﬁ?%em?%%gte(g@elg@gﬁhg sensors produces an out put
r epr esent[01i9] dh alterastiveoemsbddomerss, aoppymertialloahay be hsede Fgurss v on2C sigaw t esi an
coordinate system. of the force experienced by the f transm ssion .
ol onent . CRSSSFAORE evsHl BRHGES 1 o nobgee palf a0 a0 L SO Ms U2 ng
SeNsokS GRkbLrERYes at Bgbsdmest. of the three-di mensional Cartesian co-ordi nat e
system The tactile sensor may be of the enbodi nents 15 shown in Figures

1B, 1C, dMdhd\saBowpan Fgurerhd, the pplyaes balhdfl isaracsd gafesplicondepsier 6% Ain
applicati hiC I i t he '
enbodi marﬁi? @eiﬂgg\?\?ﬁi ils(rillsﬁ%ﬁgg gh%%;%& ZGB f’b%%‘%@tﬂggi’}%r ts?%lr gqoé al procedures,
tpe gui ddod¥2¢ T\Mei'xb,\hudiﬂgaarﬂtiprohihps}a«émb{,w btryeturs ’10;8seorgpldlsii1%nadaqgge7 10l gxddz_xvess_eltﬁ
of an organis n _operator, hol ds.t he prox en e, 2 ui re w
his handS™¥d a??i‘fj’é{) <2 fdle SERSYE & %ltgng(?nwé{]}gtﬁ? te?fg‘ynﬁ%ﬁ‘plfh%f’o}%?n%gmessa s
Wit hifg t /e004sGaewa i Figure TRMTheGthadire Z084€ brdughihtcddbntac Db hddpokpgopassage
of the guidewire with the nmounted micro-sensory tip through the network of

bl ood vedehapdinghe ni cro-sensory tip may cone into contact with walls of

the bl Oogo @Z%L -R%p%gsgqg&en\éaﬁ&dto%m&eQﬁé@ﬁa&f,:vrme.thgu&%mtwe val |

of a blo ssel, rce Is experienced by the ball "of the tactile
sensor t Hwhl goshees 7dhewithlthe padyaenbalt 7RO sitathedfo theetilac?12 vlaspaxni706 The
force isbtoggiplg_m tted fromthe ball, through the stylus the ball is
15  [0114] In various embodiments, the polymer ball 700 may be biocompatible.
[0115]) Figure 8 is an SEM image showing a side view of the structure 800 with aball
802 attached to the stylus 804 of the structure 800, according to various embodiments.
[0116] In various embodiments, the ball (664, 700, 802) acts as a force transmission
element. Additionally, the ball (664, 700, 802) acts as a mechanical stopper. In further-
20 embodiments, the ball (664, 700, 802) mayiact as a ‘se’ismic mass with off-set from the
sensing plane and hence may act as a tri-axial accelerometer.
[0117]} In alternative embodiments, other structures in the form of a cuboid, a prism, a
cylinder and a pyramid may be used instead of the ball (664, 700, 802).
[0118] In general, any structures with dimensions relatively larger than the perimeter 660
25  of the cavity 656 may be used. _ A
[0119] After the final structure of the tactile sensor is fabricated, it may be pzjickagedl
together with one or more applicaﬁon specific integrated circuits (ASICs) to‘_ form a
micro-sensory tip, such as the embodiment shown in Figure 3. |
[0120] Various embodiments of the micro-sensory tip can be implemented oﬁ

30 guidewires, catheters and other medical devices where tri-axial force data may be
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coupled to, to the force detecting sensors which may deformas a result of
the force. [0126] The force detecting sensors nmay be piezoresistive
sensors, wbi2ohvmbasge their resi stance or conductance i rcrssponseoin the
force experienced. Such a change causes 30 each of the force detecting
sensors to produce an output representing at | east one force conponent of a
t hree-di nensi onal Cartesian co-ordi nate system such that the outputs of

the force detecting sensors can cover the space of the three-dimensional
Cartesi an coordi nate system [0127] Subsequently, the application specific
i nt egr at edquited cTihet offeBioB)of chamlicze-sensoyhiep AHmovntdé a @tguidpvarviirovpbocesses

the outputs fromthe farce detecti sensqrs. and 5 produces an output -
cont ai ni T%SR%SES?%OBHWBM\F?YO e&?"?{%ga?(gfl%tgl %ag%gpf'enced by the ball. [0128]
I n one erbprii e nhicrd-béhsePlib C abmprisisPecistick agemlyatogda clactileli denfdSL) may

provi de the output tgo a display unit so that the vector_ infor ng,t‘i on may be
di spl ayedomsumicalomHithn achise glemensiEgrment; pesording tyvaiogs sabedigea's, r

[ 0129 | ns ABRLDBEE odiBBRt culddei@pp! i cation specific integrated circuit
(ASI C%S rrgi/ ?0 pr 01\1“3316% thlg%ouFBut {0 a di splay unit so that the vector

i nf or nat i[6122idhe tastith sspharymay iaslude 8 orioo transmissiew eleniente istho ferim ¢fa balki an

co-ordi nat e .axes. 130}.. Figure 9 sh a.di,agra 00 1]l ustratin ector

i nf or mat i°8ﬁplﬁ(?_< E‘)pii ﬁb'g‘bsl’ 3]}’6%1 lg slﬁlcg‘ﬁﬁ\é? ¢ by yaOE:P ctgef ?ﬁC{ﬁige Stegso(g'ﬁiéﬁeeﬁ%gdi ment .
I n this efddedisiieaimechaxitdstoppéroAnidastahired feipe dstadiing sassoss ay otwglledowo the

t wo- di nensi onal Cartesian co-ordinate axes is shown. Th?‘;éw \ Ctgé

i nf or mat i1BHe HEARSHISSORORARMER: (HECE GIrenTBIPORHVE P oty fot5a miigd W“Gﬁﬁ SN

coor dignatignduRsion ddfetl fieR i@ BadhhGiithd Beleadt UL R4 RAMBhS oM 6 duces '
information on the direction of novenent of the guidewire while the I ength

906 of t e catpubvepeBantinecntilepssonenomerraniponerd of akreadimnensional Gartesiaa cpor ce
experi ence the mqcro ] i i I C | , the
rrow 045 et sl BrACIORE S BlesbbR R hicF oA Bem RCRED AR, 10

i ndi cat e the Swithets GAEE a1 1éast thirdecfot@ndettting e¢serseapenvarthe spacéiof drertbwweD04 Wit h

a length 906 entjrely within the perineter.of the circle 908 .indicates that
the cont dupensimebCandsianicoredinatg syiiem: hheRetlSsAIsF gy g of thegmipdimeis, o o

mar gif3 | eehn idiapes 1B, SO shd @ | ength 906 exceed the perineter of the
circle 908, the contact force experienced is beyond the safe margin |level.

For exandPi23] iThi sacky cbeeent apmnggraentt IENRFisey G0 sanRbieatipn: snscifigkilestaett act
wth the cﬂgﬁih(&é@aﬁa&ggggsmlembé&ﬁx%mgwm rdBealor of Lhe guidewire
can respon Y, r exa e, stoppling the passage of the guidewire or
changi ng [0124] Byr eay | afnswicalhprogeduleswithe guidewirgr wish sthe mhioth-semsary  tif e circl e

g(]a',? egta?lngr?sre&hci Ht%ﬁ%ﬁ)lcﬁog{léegg%s? oa[iﬁeoargagﬁsgnggﬁﬁ Xp§£t09 h(l)lids -hte pfrg{imta &dqurtﬁee _
20 guidewire with his hands and navigates the guidewire through the network of blood
vessels within the organism to a particular target location. ,
[0125] During passage of the guidewire with the mounted micro-sensory tip through the
network of blood vessels, the micro-sensory tip may corhe into contact with walls of the
blood vessels or tissues. When the micro-sensory tip contacts the wall of a blood vessel, a
25  force is experienced by the ball of the tactile sensor that pushes the ball towards the bodyi
of the tactile sensor. The force is transmitted from the ball, through the stylus the ball is
coupled to, to the force detecting seﬁsors which may deform as a result of the force.
[0126] The force detecting sensors may be piezbresisiive sensors, which changc:their
resistance or conductance in response to the force experienced. Such a change causes

30 each of the force detecting sensors to produce an output representing at least one force

component of a three-dimensional Cartesian co-ordinate system such that the outputs of
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30 [0132] Figures 10A and 10B show a top view and a cross-sectional view of
a neasurenent set-up to characterize the silicon nanowire 1000 of a tactile
sensor 108d,2011238n8di ng to one enbodi nent. For il ustratrcescpeunmoses, only
one cantilever 1006 is shown. Al so shown as part of the tactile sensor 1002
of Figures 10A and 10B are a stylus 1004 and a nunber of electrical contact
pads, such as the gate voltage 1008, bias voltage 1010 and out put voltage
1012. 5[ 0133] The silicon nanowi re 1000 may have a size of approxinately
0.12 m? (0.12 square mllinmeter). The piezoresistance of the silicon -
nanow r e thidBfce detbitingdseasors kan caver shofpacharighe three: dmubmsivnal cGartesian cappl i ed
strain, may. be 300. In contrast, a conventional MEMS sensor nmay have a size
of 1 nnﬂoé%ﬂatﬁsﬁteé’i'oresi stance val ue of 200. The silicon nanowi re 1000 may

be CMOS gomqatshtaéequexﬂe@i Q3 4gplicatiod Bgecitainagifed 2abdio (ASEDSIupIEND thé he
stylus 1004 nmay be subjected to a cyclic |oad or cyclic force, where the

i nset gr dpiee 1dviesting sEnSpEy Procgses dhe Vs fighk the) forge gletectine 1582 i ed to
t he styl 4 i . t as .
opr odentioEys 1 iR oGRHRER Jer SlbiriTioh It BreR R perie AN HOMILA 1 s
1004, t hd0r2shin | @eeemboditientaythbeapplifdtmnt epkcifich entedrgted aviehnig(ASIENamge in t he

resi stance o he silicon. 15 nanow 000, and. produci ng, an. out put si gnal
cor r espoPdtYy éf’ {hS OPRAt R ggpg}fé‘f‘l ed .tfmﬁd%%}ﬁcuffi 8o atiofAmgg BFNQIS fa ﬁgéja%%a 1100 of
t he gaugeyhBsltdy twblditendbisd Csnesiih @Sondifeodx@si stivity, against the gate

vol tage 1104, for the silicon nanow re. Measurenent g(gt a, for _exanple as
r epr esentl@tP9byn @pether prmbedimenis the ppplisatien sepcflisy injegrated, Srepit EAVKDBE%s 1104.

A ling f%&o%ﬁ@f{ﬂﬁieoﬁpﬁ'i aYh qgﬂlg QUnit'sB8nA byt anforBhitiBhy bé HHFﬁyédlgé shows a

graph 11 tio o ange in voltage over the initial Vvoltage 1112
agai nst tsiebelpypl theed-dmensional Caresian doherdgategaics. act or val ue of 600 and zero

gate vol t The data sho a h 2resis of | esscth % first order
pol ynom Aﬁpﬂ] rfé%lrr‘f yshf)iwtS a&%gr_amr @6 El;i/ur%g e 'V?qt(,% lr“é‘%ﬁ%@%%t‘%%ﬂg%@e e°>r<laarsrpl e as
1118, reRispENinitoI0Rs atdoedifg tobhe embbdimetie &S thieambodinhaita vedtat infurmation ‘
measur enent indi cates that the silicon now re 25 remain operatignal for
Tore. t harbiepiRaRl @ dosymebal nfBe-ESTgRal OTEH FAOPPHE R ROBAMRERPS, ¢ he
bal I @f tRgot ﬁ%hﬁzﬁicﬁ%?%e%h§@nqmtﬁe 38 ofMaf NAFAIWE 84 ShORPTartediBf® cbact il e
sensor may be conflgure to operate within the functional range of force of

0 to 25nidrdimie axppefhd dirpetionf thatthe AmgWbh4s peintssprofides dpfoamatieemdhel | evel .
In direction of movement of the guidewire while the length 906 of the arrow 904 provides

information on the amplitude of the force experienced by the micro-sensory tip and the
guidewire. Accordingly, the arrow 904 is a force vector. S

20  [0131] The circle 908 may be displayed to indicate é safe margin for the contact force
experienced. An arrow 904 with a length 906 entirely within the perimeter of the circle
908 indicates that the contact force experienced by the micro-sensory tip is within a safe
margin level. However, should the length 906 exceed thé perimeter of the circle 908, the
contact force experienced is beyond the safe margin level. For example, this may occur

25  when the micro-sensory tip makes contact with the wall of a blood vessel. Accordingly,
the operator of the guidewire can respond by, for example, stopping the passage of the
guidewire or changing the direction>of the guidewire. In various embodiments, the circle
910 may be displayed to indicate a boundary or a limit for the force detecting functional
range of the sensor. | |

30 [0132] Figures 10A and 10B show a top view and a cross-sectional view of a

measurement set-up to characterize the silicon nanowire 1000 of a tactile sensor 1002,
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the event that a relatively larger force exceeding this threshold level is
experienced by the 30 ball, the ball nay be pushed agai nst the body of the
tactil e sWO20r1/05B3dever, as the ball has a relatively | FSG2elioanestier t han
the dianeter of the perinmeter of the cavity through which the stylus
coupled to the ball passes through, the ball cones into contact with the
perineter of the cavity and is stopped from bei ng pushed deeper into the
body of the tactile sensor. This prevents deformation or damage of the
tactile sensor with its associated_internal structures and the overall -

M cr o- senseprding fp oph epbpdiment r Earsillugiration mIBYRGSt o1y pnefcantileveri £Y0- isensory

tip. [013 i ' : (o] : ie by the
thotil o olbbutl RWeAhbOR a0 Bart BFUBRIC ARG Q088 Br Elires 0AGRITBELL FRORE DY
el ement nHIOAGEd aThunsbenoflelecttied esniant pads,aush dethatgatvottagel @08, basvaltige

nmechani cs Fi-nite-ele?r’[leng:'£ hod is understood in the art and will not be

describeduﬂgﬁﬁqofﬁFbl : re 12 shows sinmulation data illustrating the
forcess acfonss) Pt silicod AsddwiR SEUISRhY 1RO aCfiz0BE asprbatiateBn0.12Ram> (0.12
illustration purposes, only a partial cross sectional view of the tactile
sensor 12wgaregnidlyaetar). Themeroresisance 9 theovilicontnappa e 4800 delinedras the ratig ¢ he
form of I 0 t ' =al at. u e .tq i ape as
it appea?ostb('fhré#1 | glurgoer{d%t)a?éee%eg%% lxégie“}é/trag&f%?}g}e)? 3? E'efnbg(ﬁtrqé{lg c?%% §if@npu’s hed
t owar ds tMEMSD sonsd2fidy bévet hsize aft nine® mwrspiezol@(Barsa dralub @f 260.Rhei silicon |
transmtted to regio 6 wher,e the cantilevers with the nanosized
force deﬂ@@?WHﬁHQ@%gﬁgbe?ﬁ%&g§ﬁgﬁﬂ¥&%re | ocated. Based on the deformation

patt efons [@i34)@rcd@btchhRvefisatiohhBessufettdnt, MRY¥ Aty 1604 nidyebd skgsdtadeh hor ce
detecting sensors may respond tq the strain exented}%%tchanglng t he

el ect ri catycheldad oapydicdeice cybraathednts prapk i B beft Bigure, OB rRresanimeicyelei on
ensor s oy SR8 BB SR O0L TR e S R e R AR e The
bal | 1202asexpresantgicles the arsivatl 01|As & agsgliroffthe owvemewedi the salus 084 hibk d
cantilever 1006 may be deflected, thereby causing a change in the resistance of the silicon
15 nanowire 1000 and producing an output signal corresponding to the force exerted.
[0135] Figure 11A shows a graph 1100 of the gauge factor 1102, also known as |
piezoresistivity, against the gate voltage 1104, for the silicon nanowire. Measurement
data, for example as represented by the circle 1106, are plotted for various gate voltages
1104. A line fit 1108 is provided for the data 1106. | I
20 [0136] Figure 11B shows a graph 1110 of the ratio of Echange in voltage over thc initial
voltage 1112 against the applied strain 1114 at the gaﬁge factor value of 600 énd ZEero
gate voltage. The data shows a hysteresis of less than 1% and a first order polynomial
linearity fit 1116. The symbols ‘I’, represented for exafnple as 1118, represent possible
errors in the measurement data. Fatigue measurement indicates that the silicon nanowire
25  remain operational for more than 10° cycles (data not shown). |
[0137] In various embodiments, the ball of the tactile sensor also acts as a me_chanical.

. stopper. The tactile sensor may be.conﬁgured to operate within the functional range of
force of 0 to 25mN. The upper limit of 25mN may be set as the force threshold level. In -
the event that a relatively larger force exceeding this threshold level is experienced by the

30 ball, the ball may be pushed against the body of the tactile sensor. However, as the ball

has a relatively larger diameter than the diameter of the perimeter of the cavity through
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| evel, the ball 1202 is pushed towards the body 1204 and as the ball 1202
al so acts as a nechanical stopper, the ball 1202 cones into contact with

t he peri nEOep11gfs324Re cavity of 25the body 1204, prevent PAE/SGATNEIS1FrOVenment
of the ball 1202. In this case, a force is also experienced in the region
1208, in addition to the force experienced in the region 1206. [0142]

Fi gures 13A and 13B show the rel ationshi ps of the design paraneters for the
tactil e sensor, under normal |oading and transverse | oadi ng, respectively.

Figure 13A shows a plot 1300 of élEgramst ers for the sensors of a tactile
sensor 136hich gheeottdihgoundedate the ballbayentiruehythgball femen intp santpcigvith hger

nor mal | oadi r ' Pl t . f I j .
directi o@%nﬁre%rtégggﬁgd%ﬁgt #gﬁgflrfg(vvﬁ ?’36%0‘“‘5 u{)ds'f1 % ? T a ;hepljg?(gll i)igihgt o the
| ongi t udi taaile as¢hsorofThish prestik udefdrdfaGon [@1d&hagei gfirtke 1RMfles Benwor awitl ots 1310
of paraneters %gr th; sensors of .a tac%lirl e _sensor 1311%1 agcor di n tgl an -
enbodi merASSOGAtE MeRalnpichEes psh the gy erall Mo SERsAYY [P+ owPY fRTEHINE Be

| engt hs. JJpeehest bAMS WRERSehdtipg, a force is applied fromthe side of the
ball 1314 in a direction, as represented by the arrow 1318, substantially

per pendi clt3§] Simulatien jogrihe pedermance and thef fofqes experiengedi by the tagtde senseBB shows
t he resul 1 S i 16.:\M ngt h of
about - 200 e chBEbini s §AS P usRK eileBledlekl Bt friblrbleRple§"e
1326. Theinwi canlsidsratidn Somptex 1@ABcOMebhagiose Finitd Aldend mieti@Bisr wslpsttodviel y,
provi de an exanpl e of .a possi ble set of design paraneters for the tactile
sensor, Wﬁ?@ﬁaﬁgyﬁ%WW#FFg?ﬁiegbaﬁirenents of various applications in which
the tact ldﬂO%ﬁqfigt% 17840 W sitfu@ioh Mata illstehfihg TRefoRed bctindh ®E tdckitiieRsot3A is
gener ated based on an_enbodi ment of a tactile sensor having the follow ng

st r uct ur al20pf ape empadiment. Fopdliswation NuERQSES only apartiglcrossisgetipngk vigg of
apprOXi”Eh@k%ﬁé%%g%?ﬁﬁﬁﬁb%h@ﬁh' di ameter of approximtely 350 gm The pl ot
[

1310 of gure I's generated based on an enbodiment of a tactile sensor
havi ng t hi@140]| Wbew thg fetce umnsmizbiop gleanent, en the: form of e delld202 (draliermativeldl a bal |

e Qe EB b RAMRha S Pl B3 A whf

par amet er€ S or I'ng to an’ enbodi nent
for bgd | sjdoarisspahed asyardd ke Body apentof dhanmdtids Sensbi 0@ ahd (RO folvewis t hat
for a ball or a spatula with a diangeter ff appro§inatelg

. Yy 350 p a 25 m\
force appranseitted torbe Frgiqn L206swhere the canfileyersywitytherages %&/E’é‘i?p‘i%?ﬁ“ﬁﬁt ely 30

gm The Céeﬁﬁr@&oi—%f) a0 eRe & Mhsd O the R RHndBorPPatRANABT B OhntifevBRSHEDI e set
of design paraneters for the tactile sensor, which may fulfil the

requi r enestiain ofaywary end the panasized dprse i detaghing lvenshes may trespend dodhe sty be
used for "exerted by changing the electrical resistance (or conductance). Subsequently, the.
20 application specific integrated circuit (ASIC) couple-dj to the nanosized force detécﬁng
sensors may respond to the changes and produce an output. ) |
[0141] When the ball 1202 experiences a relatively larger force exceeding a thréshold
level, the ball 1202 is pushed towards the body 1204 aﬁd as the ball 1202 also acts as a
mechanical stopper, the ball 1202 comes into contact with the perimeter of the cavity of
25  the body 1204, preventing further movement of the ball 1202. In this case, a force is also
experienced in the region 1208, in addition to the force experienced in the region 1206. '
[0142] Figures 13A and 13B shoW the relationships of the design parameters for the
tactile sensor, under normal loading and transverse lbading, respectively. Figuré 13A

shows a plot 1300 of parameters for the sensors of a tactile sensor 1302 according to an .

30 embodiment, under normal loading. Under normal loading, a force is applied to the top of
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25[ 0146] The plot 1400 is generated based on an enbodi ment of a tactile
sensor having the followi ng structural paranmeters : 4 cross cantil evers,
each cantWpe0uvospasi ng a | ength of approximately 100 pmPam&GA0MI0daN7 of
approximately 30 gmand a stylus |length of approxi mtely 450 gm [0147]
I n various enbodi nents, the structural paraneters and the el ectrical -
performance 30 (such as the gauge factor of the silicon nanow res) are

| i nked and accordingly, these factors should be considered to design a
tactile sensaor that can performat an optinmm]|evel. £0148] I n various

t | _
enbodi mertbabalt h304dn aelirsrtann, a5 reprrsensed by thetamony hioS, substaptipibinagaliel tatheige of
the tactiy) it%ﬁﬂnﬁp{xi%éftﬁglstgfds‘ﬁb& | arger diameter provides a relatively:

smal | er functiona rang I'n various enbodi nents, a 350 gm di aneter bal l
provi des [143)¥igurer1aB shawge wibt UplQ of pFamblery 1484 sdnsors anfiaotastile rsensdr ment s,
t he | engt f- the stylus has.an. effect on the transverse | oadit S
condi ¢ 1 orla12 Aesedting o iRt iR el R iabdiRe Rl d i Blerems.,
sensi tsi ViléngtsoUndbetrdmvese Ragmgnh €sed ivinstied tifoah theasidecof hadang31Aina
rel ati veldﬁqel onger stylus rra){) be 10 forned by providing a deeper etching
process FHRR. t #e TERIBYSOESS: DYn ther dEews 13[18:1 sbpstaniially, pypen ditefs of

the presgat.idi gsitd R ftﬁ(py[gidsnglat FUGIII RS sRERs MOMEERr D fBRe Bk | ©

sensors to coup orcé transmssion element to the body of the tactile
sensor ard1? hevihgraceylietldt6é iwith sdémgdr of abouy 200 LB A320,cauad0@EEbot322ent of a

4-cross bar structure 1500 having a, stylus 1502 d four cantil evers 1504a,
1504b, 1509 40Qqim g@a¢an sbqﬂaéPOPm&%?%clIﬁsetrFlﬁﬁl &%@Mrﬁ@rﬁ ded,

with gac *}mz‘iq@ﬁere%w\gfﬁd\i,,qﬂoﬁ&@ﬁeexgﬁoaew%qm@ab@%ahofo&esfgh%a%r&érk fahs 1504a,

1504b, 1504c and "1504d. The force detecting sensors nmay be arranged on one
conmon pltatide seFiser, fvdride mawt fatfili thg remmrementsnefy varous appligtions im which the -

subst ant itgltillélse)é-osrqgao %@gé?or}ggnent. Accordingly, the angul ar displacement
bet ween adj acent force g6t ect i ng sensors nmay be provided such that the

force det[er4] Mhe pretsIB08 tFifure 3A Buhrsitardd idstd/ oi-an eapbedinment afigenaile . The
R e R A R e RGN L
1504a5 15PMxina2€l4@50N6n hR4halldishedhoPipprS8mARIY 950 @in. ThePidt 13Pdof
Figure 13B is generated based on an embodiment of a tactile sénsor having the following |
structural parameters : 4 cross cantilevers and a ball diameter of approximately 350 um.
[0145) Figure 14 shows a plot 1400 of parameters for the sensors of a tactile sensor
according to an embodiment, for bélls (or spatulas) with different diameters. Figure 14

20  shows that for a ball or a spatula with a diameter of approximately 350 um, a 25 mN
force applied to the ball causes the stylus to displace byzapproximately 30 pm. Thé-éircles
1402a, 1402b and 1402c provide an example of a possible set of design paraméters for
the tactile sensor, which may fulfil the requirements of various applications in which the
tactile sensor may be used for. _

25 [0146] The plot 1400 is generated based on an embodiment of a tactile sensor having the
following structural parameters : 4 cross cantilevers, each cantilever having a length (_)f
approximately 100 pm and a width of approximately 30 pm and a stylus length of
approximately 450 um. '

[0147] In various embodiments, the structural parametérs and the electrical perfbrﬁance

30 (such as the gauge factor of the silicon nanowires) are linked and accordingly, these
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[0151] Alternative enbodinments in place of the 4-cross bar structure 1500
may be 25 provided in order to reduce the nunber of inputs and outputs
(1/0Cs) amwlototiiospusve the sensitivity of the tactile serswsc200hb&3)i7 Fi gure
15B shows an enbodi ment of a 3-cross bar structure 1506 including a stylus
1508 and three cantilevers 1510a, 1510b and 1510¢c. Three force detecting
sensors may be provided, with each force detecting sensor di sposed on each
of the three 30 cantilevers 1510a, 1510b and 1510c. The force detecting
sensors may be arranged on one common plane. The force detecting sensors
may be arfaangatoild ke cnkidermdito design ¥-tadide echsomthab cayepeform Acoopdiongt y, the
angul ar qis | acenment between adj acent force detecting sensors may be ,
provi ded '€fth that the force detecting sensors forma substantially

Y- shaped (614871 948t emboBin S EheliRinisid6f tEE P DddteritiiesiBe RinCESHaEfangE | ve
sensors. Sinmulation data illustrating the forces acting on the stylus 1508
and the tofithectagtiipsenser et selagivsiolarser drmetermovidesprrelativelysalist fopgomabt t om of

Fi gur 5 125%&81%u§: EGHE RS, §F%T?%%ﬁg%§%llrﬁ9{ud a ﬁm&ii(;rﬁﬁl"efﬁge o hr agm

structur conprising a sty a circular diaphragm 1516. Four
force dette2f N sensors may be di sposed on the circular di aphragm 1516.  The

dot act | ng VEOhLErE R i ket BEISRACE 24 580 GO A o Skt

i |l ust r atjpduehg Rdft0E 68 résivenglonper sdRusingy pfovidelehhamudd dBRchdr @ubifivity
di aphragm 1516 is shown at the bottom of Figure 15C. [0154] In' varjous

enbodi meresthefforegencauntansd, under sensverse leading. vh rd@ivebt Lo eefet¥ iRy Bensors
coup! §9 tBinlcd%y R0 ABink AR SRNER b EIPMridfRNe PBHLARN! fiodss W L each of f he

at |east three force detecting s ors producing an output representing at
| east ond0f39] de variows ebodimntodf the present indientors iconpding Gtrneturss are providedli nat e

PLSL T S e RS PRSEY i MARBRSF PR AL B0 S
t he spaceegbr idtbtht Héree detecpseniond. Figuid E5A slibvestanoembadithent ¥ 8 Yedtvss bar
structure 1500 having a stylus 1502 and four cantilevers 1504a, 1504b, 1504c and 1504d.
15  Four force detecting sensors may be provided, with each force detecting sensor disposed
on each of the cantilevers 1504a, 1504b, 1504¢ and 1504d. The force detecting sensors
may be arranged on one common plane. The force detecting sensors may be arranged in a
substantially X-shaped arrangement. Accordingly, the angular displacement between
adjacent force detecting sensors méy be provided such that the force detecting sensors
20 - form a substantially X-shaped arrangement. The fbrce detecting sensors may be |
piezoresistive sensors. Simulation data illustrating thegforces acting on the styl'l;iszl.502‘
and the cantilevers 1504a, 1504b, 1504c and 1504d is shown at the Bottorﬁ of Figure
15A. | |
[0151] Alternative embodiments in place of the 4-cross bar structure 1500 may be
25  provided in order to reduce the number of inputs and outputs (I/Os) and to impfove the
sensitivity of the tactile sensor. _ '
[0152] Figure 15B shows an embddiment of a 3-cross bar structure 1506 including a
stylus 1508 and three cantilevers 1510a, 1510b and 15100. Three force detecting sensors
may be provided, with each force detecting sensor: disposed on each of the 'jthree
30 cantilevers 1510a, 1510b and 1510c. The force detecting sensors may be arranged on one

common plane. The force detecting sensors may be arranged in a substantially Y-shaped

25



[ 0155] Figure 16 shows the sensitivity data for the coupling structures of
the 20 enbodi nents of Figures 15A and 15B, in a graph 1600 of deflection
1602 agaiwetofiwssms1604. The solid |ine 1606 shows the wreasgremmoisidata for
a 4-cross bar structure 1608 while the dashed line 1610 shows the

measur enent data for a 3-cross bar structure 1612. [0156] Figure 16 shows
that for a given force in the range of 0 to 25mN, the 3-cross bar structure
1612 experiences a relatively larger deflection 1602 as shown by the dashed
line 25 1610, conpared to the 4-cross bar structure 1608. This illustrates
t hat t he asrangosentbAccadinglyt thieeadghl? disdacament hetiveen pdjacepin dorcs edesdctingi t y,

nore flexibilit nd higher efficje , il.st al so providing tri-axial
force. i niegRitER M b0 proMdc Pycdihat e tristieclife sistiR PR SPambaly ooy
required shafedt RframzetleAt S TRE! fofdel eletify 56dsdrd Sndye e pltadresibve SumeR. e the
4- cross bar structure 1608, thereby allowing relatively nore space for

: . ! . y
i nt egr at eimalatiendew ileymating thefarcen aSingransthe sy W08 and tis\thsee cantlevers i gure
16 al so i f i force range of up to 25
mN. N§ fagﬁﬁ%rlgg@é%?I{edgﬁlggﬁ%gggﬁggﬁ%guggggpggtg.?é) orces beyond 25 nN for the
3-cross Hars¥thHigoe urxC $6d@s aand embedithent ©f sa lraculat rdiaphragm S608ureTHPE2 shows
that the force transm ssion el enen cts as ani.cal .st er _when a
force exé’@@@f‘_ﬁ‘é‘g%“%ﬁs Isléllzg%&al =133 %Wg?g{%zsl;ggﬁ%’gr ?&%g?ﬁeégﬁoﬁn%qr%nent,
t her eby RRAVBOHisPEseliit thercidelhap diphiagi {316p Tt €6ice doRcRAL 6dnsbe dhaybel

mechani cal structures of the tactile sensor. [0158] Wiile various .
enbodi nerir@ngsd PR eongi eqrpmeR planey The fopsy deterding $REYT im0 bF PLEZOFSHSUYE

gui deyi r :}ﬁnsQ)Fs. %%Pﬁﬁ@l{ gata iR QU ToREPRnIRR Re SBs a3 € dRRRlchRA fOor

other medical applications involving haptic feedbaCk for prosthetic arns,
m ni mal | ydiaphvegs V&l 61i6 shovgi tdhe bastoinsofdfigunedb6t i ¢ nmani pul ation of objects,

anong ot 0159] Wile the inventi has, hee articularly,s. and

descri begsﬁ‘g#‘r‘@fjg Seﬁ%‘ho‘flglegtﬁe%i lﬁ‘gesefrigéd?’mlan ’sat& llg?St tsttﬁ%gl ¢ edeﬁeggﬁgst ood

by those sgidokd eshipled tohthe forte trivdinission ele@emtANORS provided) withracldef thelat may be

made therein wthout departi ngqfro the spirit and scigggaﬁcff the i.nvention
t

as def i ndershihres, foree, detqefintg $anSQrsProdpqIng 3, pRIPY; repyesent fash OPg for8e ¢ hys
i ndi cat edoRhohdift of RRFRE AR RhAFC ARG aR bb-ofIANE SysteM | FF I CRIR Mpbiiinded he

meani ng and range of equival ency of the clains are therefore intended to be
enbr aced.by tepiokg® transmission element, such that the outputs of the at least three force

detecting sensors can cover the space of the three-dimensional Cartesian co-ordinate
system. '
[0155] Figure 16 shows the seﬁsitivity data for the coupling structures ) of the
20 embodiments of Figures 15A and 15B, in a graph 1600 of deflection 1602 against.force
1604. The solid line 1606 shows the measurement daté for a 4-cross bar structu:re? 1608 |
while the dashed line 1610 shows the measurement data for a 3-cross bar structure 1612.
[0156] Figure 16 shows that for a given force in the range of 0 to 25mN, the 3-cross bar
structure 1612 experiences a relatively larger deflection 1602 as shown by the dashed line
25 1610, compared to the 4-cross bar structure 1608. This illustrates that the 3-cross bér
structure 1612 has a relatively higher sensitivity, more flexibility and higher efﬁciency,A
whilst also providing tri-axial forcé information. In addition, the number of inputs and
outputs (I/Os) required for the 3-cross bar structure 1612 is less than, for exampie fhe 4-
cross bar structure 1608, thereby allowing relatively more space for integrated:ici.rcuits

30  (ICs) and through-silicon vias (TSVs).
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1. Amcro-sensory tip for use in blood vessels, the mcro-sensory tip
conprising: a force transm ssion elenent; 5at |east three force detecting
sensors ANORPEASBBSt he force transm ssion el enent, eachPofi/SGhetoapodieast
three force detecting sensors responsive to force applied on the force
transm ssion el ement, wherein each of the at |east three force detecting
sensors produces an output representing at | east one force conponent of a
t hree- di nensi onal Cartesi an coordi nate system of the force experienced by
the force transm ssion el enent, such that the 10 outPuts of the at |east

three forl@&5Ydfigweilfglsoshawns that s embodimenhhassyfpetioppl foree repgecefwpiterdAsi onal
Car t esi an, Qong gt I m% r t
coupled to tﬁgfg?ﬁ?ggggé{tﬁ)hﬁerggz?g&?g%sﬁgtfgﬁft&{%gt%%ﬁlsd?rsg, t éa{gc%?{}ge el enment
ar r angenesttucmoni 6 1gumddheé 4-cposs bessruchee d6A8 Thisf shows e theet fokeeastnsmissior f or ce
detecting,sensors. 15 . The micro-sensory tip of aim1, wherein the
SOt ve of STBFIR 6% A A mRGRRCAS PRET RUUES & Rroe e et PO scpcRsed B
cont aisni NFe \61et AfankmiseionBdléent Othetdd§ froventing ekdreMgfiehabiyn tth réteéCe -
transm ssion el enent. 20 3. The micro-sensory tip of claim2, wherein the

active el<depiinal and machanical stusturesrafils tagtasengor-ed to provi de the vector
act e _ R DA . .
| ntorm '@gssfwﬁléﬂﬁb%é .embﬁﬁlh%%ﬁiﬁh@ﬁﬁ?&%gbﬁﬁgfﬁa%%Lzencﬁ’ers&‘?oge'd‘iﬂ ferms o

co-ordina xes in a display unit. ro-sensory tip o
wher ei n tdfeguaddwives @ eatbettrsatheamgrerms nembasliiénts unayhelso denppdied efdr tothepr ovi de

the vector j.nfornmati.on as a.s | di spl.ayabl e . t hr ee-di.nepsi.onal ;
Cort oot aeticel AP g ReRine Bk SEpdeit i prSs Bt SRR iRBRye o of
any ofp t hardi¢# el 4@ robatidManiplleti@i ¢f dbftRtsaghbiECot@b8MENt ar r angement
conprises application specific integrated circuitry. 30 6. The

i or o- ser8be) Wil the iayeicion s ey Rrveuanly Shopm wdtdesrnbsg anilt ieEerenre e at ed
Ci r Cui trY,CORPlehdBdin®nse 6 Hould'b& LhAG RSN Hy THde! RiIRHEH HOUR! @k tRidube at

| east thr 8e orce lgge’t ecting sensors, the Sensor interface and nultipl exer
anpl i fyi repagged imfbrm phé ety miebo atadethereinmwithost depariess fromhthe epirio aoé '
det ect| n%cgpeengfo the invention as defined by the appended claims. The scope of the invention is

15  thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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7. The mcro-sensory tip of claim6, wherein the application specific
integrated 5 circuitry further conprises a data converter coupled to the
sensor | nwerbads3AAd nmul ti pl exer, the data converter coRCESGRoIG/000887 out put
fromthe at |east three force detecting sensors into digital data. 8. The
m cro-sensory tip of claim7, wherein the application specific integrated
10 circuitry further conprises an external reader interface coupled to the
data converter, the external reader interface for nodul ating data fromthe
data converter and decodi ng command signals froman external reader nodul e.
9. The niCkAIMénsory tip of claim8, wherein the application specific
integrated 15 circuitry further conprises a clock unit coupled to
synchronilse t hemiersapsoontip fortuse irstEnedvessels, ¢hd mezo-semdonytipt dopipeisarg; the data
converter and tthe ext er nal ader interface. - 10. The micro-sensory tip of
any one of thé BF%&?BFIHSS@P&F Mwherein the force transnission el ement

conprisses one aoneagpﬁ@e@foréemeté&ing%%ms Sdupldt 14186 forde BAhdmisdors Uldgieds, 20 a
prism a cylinder and a pyramid. 11. The nicro-sensory tip of any one of

t he preceafinef deat jaast Wﬁ@rfewﬁ defegting sangers resppnsite Pdprce agplicdoan e fRsAsor s
are arr aquggmgg;f,g gﬁg&mraheg oftRd 4t ﬂéng e mc 80884 sEﬁs%r@é}roﬁl!lc%E m 11,

wher ei n an angu I spl acenent bet ween acent orce etecting sensors is
such t hatantdugpuarepresasting airleast buoe ﬁnecaj@nmmemtg)fgeh@efckmémﬁthcaﬁesm;md

arrangenen sensotr. i lains 1.t0 1 conpri sing
o ourt h PpeE OBt ForEE BRteet Bl P Roissprpbimeat uctelhe( GE

sensofs ardatpudd’ bEHEESt 10kt QRRe qemtdatlag]eensomaaocb%ﬂﬁﬁ%‘éMf 8@2@&&( 000317
14. The m.cro-sensory tip of_ claim 13, wherein an angul ar displ acenent

bet ween tdigensiprabCaassisnorprdinaiesystem; aadksuch that the at | east four force
detecting Se”%ﬁr&t&gréﬁﬁ&t&ﬁi}@%&@ééﬁﬁ&e%@ﬁe at least three force detecting-

sensors, the active element arrangement configured to process the output from the at least
three force detecting sensors.

15
2. The micro-sensory tip of claim 1, wherein the active element arrangement is
further configured to produce an outpﬁt containing vector information of the force

experienced by the force transmission element.

20 3. The micro-sensory tip of claim 2, wherein the active element arrangement is
further configured to provide the vector information as a symbol dlsplayable on two-

dimensional Cartesian co-ordinate axes in a display umt

4. The micro-sensory tip of claim 2, wherein the active element arrangement is
25 further configured to provide the vector information as a symbol dlsplayable on three-

dimensional Cartesian co-ordinate axes in a display unit.

5. The micro-sensory tip of any of the preceding claims, wherein the active element
arrangement coniprises application specific integrated circuitry.

30
6. The micro-sensory tip of claim 5, wherein the application specific integrated

circuitry comprises a sensor interface and multiplexer coupled to the at least three force

28



5 15. The mcro-sensory tip of any one of the preceding clains, further
conprising a stylus to couple the force transm ssion elenent to the at

| east t hrwe 2bovise2ddet ecti ng sensors. 1016. The mi cro- sen®OMBGRI1LH/00031T| ai m
15, further conprising a spacer |ayer between the force transm ssion

el ement and the at |east three force detecting sensors, the spacer |ayer
having a cavity wherein the stylus is |located, the perineter of the cavity
being in proximty to the force transm ssion elenment so that the force
transm ssion el ement comes into contact with the cavity perineter when the
force explstecung sehspis, theesehgnr dpterfaeer andsmikipleser amplifying andcmuliplexinghtheshol d.

17 The Mcr 0 SSRSREY: kL ite A SNS.RL il Preceding ol aims, wherein the at
| east t hiB®PY §PELgat &2 i'ng sensors are nano-si zed. 2018. The mi cro-sensory

tip of any one of the preceding clainms, wherein each of the at least three
force detecting sensors is for frogmany.one or nore of the.follow ng
def or mabl’ st r'dh tﬁf%%‘?e‘éfoﬁ’aﬂBvﬂT?ga‘&h ’ &’%ﬁéﬂb?l%?o@.’?hcatmn i@e.mg*l%é“,t_e,gra.tew |

m cr 0‘559%%1'{&%/[ Rt @WpriRes OfdatahoiVepeetolitled! @i tHe s¥MieF GhierfBachn@f t he

at 25 least three force detecting sensors conprises a MOSFET forned
t her ei n. myltplefére the dletd- senvsvery cenvsrtrz theyowne §pmx He pi deasidthiee dorsf s,

wherein t g?&n%%%§§%$ﬁ§g%§éj£ﬂaelenent is forned of bulk silicon or silicon

on insul at _ Cro-sensory tip of any one of the preceding
clainms, wherein the at |east three force detecting sénsors are forned of a

material selecgted fromthe groyp.consistin of lycrystalline silicon,

S ngl e cryst al ThE| PERAEnsED] B i JERtran e AP APRSHIOT) SPOCH I RAP SR o

silicen cithtdSurthé ddaiprisél ANTKénal TeidR} idéithcaR¥usladd thalda@ohtidteeahe
external reader interface for modulating data from the data converter and decoding

command signals from an external reader module.

9. The micro-sensory tip of claim 8, wherein the application specific integrated
15  circuitry further comprises a clock unit coupled to synchronise the operation of the sensor

interface and multiplexer, the data converter and the external reader interface.

10.  The micro-sensory tip of any one of the preceding claims, wherein the force
transmission element comprises one or more of the following structures: a ball, a cuboid,

20 aprism, a cylinder and a pyramid.

11. The micro-sensory tip of any one of the preceding claims, wherein the:-j af least

three force detecting sensors are arranged on one common plane.

25 12.  The micro-sensory tip of claim 11, wherein an angular displacement between
adjacent force detecting sensors is such that the at least three force detecting sensors form

a Y-shaped arrangement.

13.  The micro-sensory tip of claims 1 to 12, further comprising a fourth force
30 detecting sensor, wherein the four force detecting sensbrs/are -arranged on one common
/

plane. ' ./
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22. The mcro-sensory tip of any one of the preceding clains, wherein the
m cro- 5sensory tip is adapted to traverse inside a blood vessel. 23. A
gui dewi r aVO@ATIG53348g a wWire with the mcro-sensory tip ®CTRGROOM03T t he
preceding clains |ocated at an end of the wire that is introduced inside a
bl ood vessel. 10 24. A nethod of formng a mcro-sensory tip for use in

bl ood vessels, the nethod conprising: providing a force transm ssion

el enent ; coupling at |east three force detecting sensors to the force
transm ssion el enment, each of the at |east three force detecting sensors
responsive to force applied on the force 15 transm ssion el enent, wherein

each of the at1£heef3% c?r?' ]‘o(;fccqa,gleff Q’&He LR ‘n‘ﬁﬁ]ﬁ 351’3&#%‘%@‘. %%?e%ﬁr tesi an

representing a I"egst >one rce conp

coor di natferceyhteeﬁmg ednsdoRds fsmcrlﬁfhaEbhpeut il@sncfedr Borcé deteétimpesendors fism asXon

el enent t hat the outputs of the at |east three force detecting-
sensors ﬁ’ dW@Tg?ﬁ%‘space of the three-dinmensional Cartesian co-ordinate
systeny and 20coupling an active el enent arrangenent to the at |east three
force detecting sensors, the active el enent arrangenent conflgured to
process tlde oﬁwutucrq-émsw«atlmpf prgene ehthe precsding clurthgr euping a 25 The

met hod Ofs {lsgitc{nﬁ&ﬁﬂe whe rfgﬂcP tPa?l 55108 MmdddGohe! a(?al&%st Ve 6 {?gr&?ecqg%e(:t Ing

25 sensor e actirve e arrangenent 1's per or med B any one of the
fol | owi ngemsidhods: flip chip or wi re bondi ng.

10 16. The micro-sensory tip of claim 15, further comprising a spacer layer between the
force transmission element and the at least three force detecting sensors, the spacer layer
having a cavity wherein the stylus is located, the perimeter of -the cavity being in
proximity to the force transmission element so that the force transmission element comes
into contact with the cavity perimeter when -the force experienced by the force

15 transmission element exceeds a threshold.

17. The micro-sensory tip of any one of the preceding claims, wherein the at least

three force detecting sensors are nano-sized.:
20 18.  The micro-sensory tip of any one of the preceding claims, wherein each of the at
least three force detecting sensors is formed from any one or more of the following

deformable structures: a nanowire and a nanotube.

19.  The micro-sensory tip of any one of the preceding claims, wherein each of the at

25  least three force detecting sensors comprises a MOSFET formed therein.

20.  The micro-sensory tip of any one of the preceding claims, wherein the force

transmission element is formed of bulk silicon or silicon on insulator.

30 21.  The micro-sensory tip of any -one of the preceding claims, wherein the at least

three force detecting sensors are formed of a material selected from the group consisting

30
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of polycrystalline silicon, single crystal silicon, silicon-germanium, germanium, gallium

arsenide, silicon carbide, carbon, diamond, metal and any combination thereof.

22.  The micro-sensory tip of any one of the preceding claims, wherein thgi micro-

sensory tip is adapted to traverse inside a blood vessel.

23. A guidewire comprising a wire with the micro-sensory tip of any one of the

preceding claims located at an end of the wire that is introduced inside a blood vessel.

24. A method of forming a micro-sensory tip for use in blood vessels, the method
comprising:

providing a force transmission element;

coupling at least three force detecting sensors to the force transmission element,
each of the at least three force detecting sensors responsive to force applied on the force
transmission element, wherein each of the at least three force detecting sensors produces
an output representing at least one force component of a three-dimensional Cartesian co-
ordinate system, of the force experienced by the force transmission element, such that the
outputs of the at least three force detecting sensors can cover the space of the three-
dimensional Cartesian co-ordinate system; and

coupling an active element arrangement to the at least three force detecting
sensors, the active element arrangement configured to process the output from the at least .

three force detecting sensors.

25.  The method of claim 24, wherein coupling of the at least three force detecting
sensors to the active element arrangement is performed by any one of the following

methods: flip chip or wire bonding.
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