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[003] Hydrodynamic cavitation occurs in regions with low suction pressure, e.g. in
inducers of rocket engines and turbo machinery, and is typically unavoidable. For turbo
machinery, a safe operating region has to be found as ¢avitation occurring close to a rigid
b_oundary can lead to its erosion.

15 [004] Acoustic cavitation refers to induced cavitation for the purpose of ultrasonic
cleaning. An acoustic field induces small bubbles in a liquid to radial oscillations. When
the bubbles oscillate at a boundary they create sufficient shear stress to remove
cont;dmination from the surface and transport the dirt particulate into the bulk flow.

[005] There is interest, for example in the semiconductor industry, in a sensor that can

20  measure the amount of cavitation activity on a surface to control and optimize cleaning of
silicon wafers, while mitigating damaging of delicate structures fabricated in the silicon
wafers. Several known cavitation sensors are discussed below.

[006] US patent no. 7,210,354 discloses a system having a conductivity sensor, photo
sensor, and thermocouple (B2) to measure radical production, light emission and heat

25  generated by cavitation. However, the disclosed system is unable to indicate if the
bubbles are creating a flow on the surface to be cleaned.

[007] US patent no. 6,497,140 discloses a cavitation sensor based on the measurement
of acoustic signatures from oscillating bubbles within an acoustic chamber. The
cavitation sensor has a size in the centimeter range. Such a size may lead to gaseous

30 bodies becoming entrapped, thereby disturbing an acoustic field generated or leading to

additional cavitation nuclei. Further, as the disclosed sensor needs to be flushed with
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cavitation sensors are pressure sensing elements on a substrate to measure the activity of

25  bubbles on the substrate. Similar to the piezoelectric sensors of US patent no. 6,450,184, .
the pressures sensing elements experience displacement when force is applied to them.
Thus, the focus is on the measurement of pressures, rather than flow strength. _

[011] There is thus a need to provide a cavitation sensor that detects cavitation
occurring close to the sensor surface and is unaffected by cavitation that occurs at another

30  portion of the liquid that the cavitation sensor is placed in.



[11] There is thus a need to provide a cavitation sensor that detects
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sonochem $ddu¥ry, where cavitation is induced to clean silicon wafers. A cavitation sensor

20  described herein may provide a sensor which can measure the amount of cavitation
activity on the surface of silicon wafers to control and optimize the cleaning process of
silicon wafers while mitigating damaging of delicate structures which may be fabricated
on them, Other industrial processes that use cavitation and would benefit from a sensor
according to various embodiments include waste and fresh water.treatment, dying of

25 textiles and leather, cleaning of membranes, ultraso_und emulsification and cell disrupter,
and the whole field of sonochemistry.

[015] In a cavitation sensor described herein, the term “substrate” may be understood as
a base material upon which the electrode arrangement is fabricated. The substrate has an
insulative surface or may be entirely made of insulative material. In a cavitation sensor

30 described herein, the term “insulative” may be understood as isolating electricity flow



[15] In a cavitation sensor described herein, the term"substrate"
may be understood as a base material upon which the el ectrode
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first el egldcRs®. Without being bound by theory, the velocity of the liquid drops to zero at the
20  substrate surface, whereby an electric current is generated a small distance from the
substrate surface. The current will be a function of velocity gradient, i.e. the wall normal
gradient of the velocity parallel to the wall. This quantity is related to the physical
quantity called wall shear stress. |
[019] In a cavitation sensor described herein, the sensing portion of the first electrode
25 and the sehsing portion of the second electrode are configured to remain stationary
relative to the substrate and is sensitive to the wall shear stress caused by the change of
the velocity component parallel to the wall. In other words, the sensing portion of the
first electrode and the sensing portion of the second electrode may be configured to
remain stationary relative to the substrate, to detect a change in the velocity of liquid

30 flowing parallel to the substrate surface where the electrode arrangement is provided on.



25 and the sensing portion of the second el ectrode are configured to
remain stationary relative to the substrate and is sensitive to the
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0.05mm apart. The 0.05mm spacing may be uniform where the strip of the first electrode

is parallel to the strip of the second electrode. The ratio of the space between the strip of

the first electrode and the strip of the second electrode; and the width of the strip of the
25  first electrode and the strip of the second electrode may have any one of the values of 1,

1.5,1.75 and 2. '

[026] In a cavitation sensor described herein, the electrode arrangement may include -

one or more arrays, each array including one or more pairs of first electrodes and second

electrodes.



[026] In a cavitation sensor described herein, the el ectrode
arrangenent nay include one or nore arrays, each array including one
or nore pairs of first electrodes and second el ectrodes. {273 Each
array may WHIHRISE first conmmon terminal to which eacRCHBGIORUOINIY st
el ectrodes of the one or nore pairs are coupled; and a second comon
termnal to which each of the second el ectrodes of the one or nore
pairs are coupled. [28] In a'cavitation sensor described herein, the
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each of the second common terminals may not be coupled together, so that CaVltathIl

occurring at any of the one or more arrays may be measured separately.

[031] The distance between adjacent electrodes for one of the one or more arrays may
20  be different from the distance between adjacent electrodes for another of the one or more

arrays. However, it is also possible that the distance between adjacent electrodes in all of

the one or more arrays may be the same.

[032] In a cavitation sensor described herein, the maximum distance between adjacent

electrodes for the one or more arrays may be about less than half of the diameter of the
25  bubble to be detected.

[033] In a cavitation sensor described herein, the spacing between the sensing portion of -

the first electrode and the sensing portion of the second electrode may be smaller than a

diameter of a bubble to be detected. However, it is also possible that the maximum

spacing between the sensing portion of the first electrode and the sensing portion of the

30  second electrode may be about less than half of the diameter of the bubble to be detected.



[33] In a cavitation sensor described herein, the spacing between the
sensing portion of the first electrode and the sensing portion of the
second el ectrode may be smaller than a dianmeter of a bubble to be
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gener al | ynb&ﬁagnﬂ}m&dhwama makdridbdsithd subgratdie princi pl es of the
invention. In the follow ng description,-various enbodi nents of the
invention .are described with reference 20 to the foll ow ng draw ngs,
in whigh: [38] Figure 1 i$nﬁfnaﬁﬁuhQMbnmenmewgggodinent of a.
cavitation or 9] F.gur s 2A 2D show ros -secfional views
(al ong wi ﬂ‘??%fnﬁlp@et?f%@%pfﬂ% 5’“°8f° {15 BRGNS JIBIFF 19 e G pReres
surface othraiphehtatié doERer Vidwy eTIfEd'lHraQ'inga a8 Mbtl kR4 @5 $04le, Bdinphasis

descri bed herein | er ed into a
instead generally e:sng pIaceEl upon £llu atmg the principles of the invention. In the -

following description, various embodiments of the invention are described with reference
20  to the following drawings, in which:
[038] Figure 1 is a top view of one embodiment of a cavitation sensor.
[039] Figures 2A to 2D show cross-sectional views (along with respective top views) of -
cavitation occurring on the surface of an electrode arrangement of a cavitation sensor as
described herein immersed into a liquid.
25  [040] Figure 3 is a top view of another embodiment of a cavitation sensor,
[041] Figure 4 shows a sketch of an ultrasonic cleaning monitor using a cavitation
sensor as described herein.
[042) Figure 5 shows a typical signal from a cavitation sensor as described herem
[043] Figure 6 shows an electronic board for the ultrasonic cleaning monitor of Figure
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25[040] Figure 3 is a top view of another enbodi ment of a cavitation
sensor. [41] Figure 4 shows a sketch of an ultrasonic cl eaning

moni t or usingaa cavitation sensor as described herein. +4é£)Fi ure 5
shows a t YR #4098 nal froma cavitation sensor as desBfTB 1W@ﬁ§Vn.
[43] Figure 6 shows an el ectronic board for the ultrasonic cleaning
nonitor of Figure 304. [44] Figure 7 shows a bl ock diagramof a
megasoni ¢ cl eaning nonitor, using a cavitation sensor as described
herein, for a single wafer tool. [45] Figure 8 shows a batch wafer

t ool usi nd04# pFignes 7tshows achlopk siagim of s Biegasamic FAeapiog pBanilos, ByiRg. a

5[ 046] Fi Quitign $AOWSs BeseAtiddliRteif PorSQRRR w188, configured to nmeasure
cavi tation. f47 Figure 10 shows a schematic of an experinent setup

to test ale4fli Famfoh shewisarbaeh welsr tqobawing ey plurplity pf Qavimtigp sensars as
shows a sensob.figial trace fromthe cavitation sensor of Figure 10
[49] Figure %&es ows still inmages froma high speed video capture

t aken dur i[0d$] t RigutCshpws i pevitetigetengpr béing-tapiigered & mestmickathtion.

Descripti %'47] Figure 10 shows a schematic of an experiment setup to test a cavitation sensor as
described herein.
[048] Figure 11 shows a sensor signal trace from the cavitation sensor of Figure 10.
[049] Figure 12 shows still images from a high speed video capture taken during the
10 experiment setup of Figure 10.

Detailed Description
[050] The following detailed description refers to the accompanying drawings that

show, by way of illustration, specific details and embodiments in which the invention
15 may be practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention. Other embodiments may be utilized and
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
20  embodiments.
[051] Disclosed herein is a cavitation sensor sensitive to shear flow, i.e. flow which is
able to transport charges in the Debye layer close to the sensor surface. The flow sensing
may be, for instance, from the surface to around 100nm from the surface. Large scale
flows or bubbles far from the boundary may not be detected, only flow created by a
25  cavitation bubble in close proximity to the sensing portion of the cavitation sensor. The
cavitation sensor is compact, sturdy and durable, having two thin metallic electrodes
isolated from each other, e.g. two gold patches with glass in between. Since only a thin
layer of metal such as gold needs to be deposited onto a substrate, a cavitation sensor as
described herein is simple to manufacture. Being inexpensive, the cavitation sensor is
30 disposable after usage. The cavitation sensor may be integrated into the surface exposed

to cavitation, thereby providing a sensor that can measure the direction of liquid flow.



[50] The follow ng detailed description refers to the acconpanyi ng
drawi ngs that show, by way of illustration, specific details and
enbodi nents in which the invention 15 may be practiced. These
enmbodi nentO #RY0WERcri bed in sufficient detail to enabPel/8¢RI4E000397
skilled in the art to practice the invention. O her enbodi mrents may
be utilized and structural, logical, and el ectrical changes nmay be
made w t hout departing fromthe scope of the invention. The vari ous

enbodi ments are not necessarily nutually exclusive, as sone
enbodi mentl®52 aRhneavitelinn wawr distlpsed heresy maphave sy hendurtiysdnerdiin gatehss

form new 20 &aodi SRpE Stenan51:1ecRcﬁ§| O%Qy hgt edeﬁoélt%d Aot8Vhd AdIABr or

sensor sensitive to shear 0. e. is able to trans ort
char ges i nemigendnetoy eTh%%Eht @f @@atcb ig th?él, %wslclnr lesy thfrp eree. miLFaetdro

SeNSI NG MY bolen ORI G ol sOR 10 oS UEEARE, fiRke2RUAdod A0 L a@m

t he suiface arge scal e f oWs 0 I'es omt e boundary nay
not be sdetvatht exfficiean|syredgtiow The edictaddsymay b2 Eadawf zald; olatlbmbbbleanqﬁler

close or XL ykiod Rubhf PRISKAG: BILLANR | DAY FALODPRDSHa The

cavi tation sens dura
nmetal lic edadett @Iéetsomcsohataecbnhemn pmxd-h whheles,lgneog thet dmtaml ettpancthe s

with glass in i nce y.a.thin | net al h old
meeds t o SRS eptRPRETaR iR e sipe bt BhBle § be b Shek iR Ral
descri bed mafpecbx‘imhtﬁlysllﬂﬁﬂ ® U,G’hrﬁfrtyfnaﬂthnbble &Rehag. | Thx persties, mhhbe

cavitation i s 30 dispos ter caV| atio sensor
my badi SRR 4 HSVioE B RS seet B TR e RSP ER

provi di ng Tae 33@%&)’1’ thb i ectades RASHE desighed dbdopdihg O tiaf type q;lﬂlcdvﬁahﬁﬂvof

[ 052] The _cavitation sensor disclosed herein may have two conductive
and thin PREEHAL 'E?'PSVQH’%I e shape terned el ectrodes. They are

dep?ﬁ [ tedt[m] OFligilih'el P& attep viw SEGhE enBshhen:. oqmea\bﬁhi&htﬁe@&rbl(ziﬁ n‘ﬁefﬂ
is in I ca e mcro r. The . isolator between the
two el ect F%"g‘égoqﬁ%“’ﬁé ﬁﬁuwﬁg{‘gﬂé&t@@%g}q{'@% or any material 5
wi th syf f ijgssp MThedabRABMRensdN 08126 & LERERS 10BNavidY ABARIAve 8RFRe; and an

pl ati num or anot her conductjn ﬁg materjal. The_ patches are connect ed
to a condgketErdegangemsatiff whisisshowmin the.embodiment pf Bewetl o he Povided,

connect or oR#eCilisulative sBFsle B 1R subfitutddi Bt AN GRoRS! HRAIAL (not shown), the
sensor-el ectrodes may be guided by the size of the bubble to be

measur ed. elppEdgiagengseent mavhsresidadayidin the insuative syriacenf thersubspistee a)

bubbl e di m[ ©fhe Iﬂ&r&ﬁnﬂ%gﬁﬁ&t MY RGuddd 4 $Rdali&etowd 16 2nBaS SLckAd | NT
| ayer (isolator) to prevent |eak current between the conductors.  The

shape 28f eletrasied @8 beiae dsolntsd fem gecki gheady sheclorudntivg serdaceh Eaghyofethe first
cavi tati og,phyd g%&gc?%fec@(?ﬂ UL 16 VmMﬁ&éé a [sgéﬁ% Ogdrﬂ&l{ R106s! Br Fd ARt

vi ew of one enbodi nment a cavit tl on sensor he cavitation

sensor 106leptends 06 zxintl el 0B fordbe sesohdhglepidsls| W8).i The spdcingi HLO tsyenshe The
cavit at o Qengﬂg'jla%mi';qgsé‘cﬁﬁheaféyé?éc%é‘é foeld t{P%hA Fidd Fo4k BF th¥ Second

surfa
electrode 108 is adapted to allow charge flow between the first electrode 106 and the

25  second electrode 108 caused by cavitation occurring at the sensing portion.
[056] Charge flow between the sensing portion 106s of the first electrode 106 and the
sensing portion 108s of the second electrode 108 occurs due to the existence of an
electrical double layer (EDL) on the surface of the substrate 102. The EDL refers to two
-parallel layers of charge on the surface of the substrate 102. The first layer, the surface
30  charge (either positive or negative), comprises ions adsorbed directly onto the object due

to chemical interactions. The second layer is composed of ions attracted fo the surface



el ectrode arrangenent 104, which is shown in the enbodi nent of Figure
1 to be provided on the insulative surface of the substrate 102. In
anot her enbodi nent (not shown), the el ectrode arrangenent may be
provi ded W@ M0 i nsul ati ve surface of the substrat %CT"§@%’5‘]/00???¢§{

el ectrode arrangenent 104 includes a first electrode 106 and a second
20 el ectrode 108 being isolated fromeach other by the insulative
surface. Each of the first and the second el ectrode (106, 108)

i ncludes a sensing portion (1065 for the first el ectrode 106 and 108s
for the scEyAf via ge\e Il dorrasy ectrisally Spraening e hBy de ehid FFéO%deﬁ‘é'Frn’(j

portion 1G&se9 asidafiec! witd e Is&@&e%%éﬁﬁst%ﬂmﬁ@s H8NSoRE 1BRF tdl ARc18S
of the second el'ectrode 108 is ad g@é to allow charge fl ow between

the first feeedensrwich mow @ﬁhc ligdd prdes cheriafheanes of Derdric) Bactinn gad) theymal
cavi tati on, Qef WhdrihnHeink Hem F hd} {aﬁyébp&mﬂg%&m@wm iegwapm

bet ween the sensing portion irst electrode 106 and 't
sensi ng pof ttheahffmaslsyemfcam h@vsendmdheehﬂumcgdétanwh@bms Surd StthStm

Cubst rat o "o f0rprief lyeF St Gl XA bublidon B bafe St Ainfl 141

t he surf adduoihemhebehbbsimmtte niLthB v1cTIhE' df jor gt tlieaymng pon@ons UN$saand 108s,

30charge (eit h 03| ti VARl atl ve )
directly HT“ZP %%]”3 etw(f & ﬂ} thenP ¢4 rtipa ?ﬁs)eractflkgﬁsq mfﬁeqéég%dnt ¢
| ayer is eaﬁmgspehloﬁ 108asdwt tto axbé ecds;ﬂnemh:& sﬁrohaxges it hthe geecarida layer.

Coul onb f he f t Th d
oyer B s uinglsn Shond Betebd BRI ok YulbPPut a8 phard Bt sdr PP o
t he secon@ohiamemzuﬁ thafiat efectfddec 06 angd thwhiecbndnelveerode 1061e Al mgts detaileder

the influence of electrjc att Ctl” he notion rath t han
borng 11 1 AR S 6 exisfation 56 ol (& FinhJob aye » AL ppeion
part 5 of l“EflelrﬂdlﬁJnU§ f Llﬂiéﬂigeﬁébﬂs @Mﬁadéﬂdﬁ}] Mhéa :cmhbuelml Qi dvances in f
tangential  stress ch stress_can.arjise from for exanple, inpact o
cavi t at i orf-oHeIgre &gy cf’ﬁ‘é‘e’é‘iﬁrlf%@ra@fﬁt%e substrate 102. Thus when a

bubbl esi MpgsA S Thé sdnbBg \oRioR  10¥s Of the Firdd RicchSieSWBHN G 1p8Het 1Apth thiibhe and
108s, current flow occurs between the sensin ortion 106s of the

first el ectnspgeorens HISa of the seeond; shestpds 9% g0 Tss thegipacipg 1§, between the

di spl acemggsindfposthk 9RRs lafd 108) KEGRNEr thay fe s ae%gﬂse@@ée@lnﬂamst elsfiak d
t here be bubb es of sufficient size, cha rge Iow can al so_occur at

portion 1196 and thegecprd electiofe £98 & dhe pooipnddd. Tl be apnteriatedtbattheienathg.
A nore defo@tﬂe%@nsfﬂi%:ﬁw Qs 4 thb Een eal &ttmseﬁm@g Y&x{i@n W3 e behigbifraupd,

for instance, in the publication "Electrolcinetics of heterogeneous
i nt er f24ceshossy, Whete an Zxgoplaey ppbrdimeniariuiiable deneths | a5¢ @roand 10nmen faad o

Sci ence 116,,(£9%hm ﬁ%pe%gvel%SLQ%?}ls shiteer HERSIONGhnP 34 891%1111@@5139{130&%

first electrode 106 has a 1onger length than the sensing portion 108
of the secdart sioger lagds mygvids thet mhhthnhlea@@a@gmgf Iq_dblcméwléérﬁm@a@tw

sensi ng p?)fc?(h 0§ lc&égggng%g%ﬁ%ﬁﬁg 1768 afdPdeGle do tl%%QD ge?ﬁﬁlalggl 113,31

the first e second electro the "pofti
112, It mechbee&pmwtmné@amﬂdicmmetdhew@th of the sensing porti on

106s apd they ! &NakNrMoakaBe SERG RIFRAK! | We KBS 1BYacP Fos bty ikt

terminal 114, while the second electrode 108 includes a second terminal 116. The first

terminal 114 and the second terminal 116 are positioned to be along an edge 1021 of the
substrate 102. The terminals 114 and 116 provide for signals from the cavitation sensor
100 to be tapped and amplified, where the amplified signals may then be analysed in an
30  oscilloscope. Each of the terminals 114 and 116 has a dimension of around 3mm by

4mm, where they are spaced a distance of around 5Smm along the edge 1021. In the
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20 chosen, where in exenplary enbodi nents, suitable |lengths are
around 10.1 nun and around 8. 9mm respectively. Lengths shorter than
10. 1mm and 8. 9mm are al so possi bl e, where shorter |engths provide the
addi t i onaWaNHB e of reduci ng el ectromagnetic pi ckuBCT/8G201HM8393 s

t he sensing ends 126e and 128e are connectible to termnals (114,

116) which are for connection to anplifiers (not shown). 25[058] In

t he enbodi nrent shown in Figure 1, the first electrode 106 includes .a
first termnpal 114, whil the econd el ectrode 108 incl udes g se%ond
term nal  PROdieE: PRGN Fighis nthe Stipsrais has | HsEShete Pt AURSASRAS 25608 bir o
posi ti onedsiey be al ong an edge 1021 of the substrate 102. The
termnals 114 and 116 provide for signals fromthe caV|tat|on sensor

100 to be [03%pBgingdermedonithq wufacepichesubpieate b9, fhci serping ppatians10oa 9f theen

be anal ysggyi éle&f%dé’*oloﬁszﬁid' {hQS&:QBEg EE[%H RfSStJTethEesre%ﬂllalﬂ%ctﬂoHé ﬁmda&lG
has a di mensi on of around 3nun wher.e they are spaced

di st ande @fm%;twrfd rgnain satienagy teﬂ?élvéﬁg@e y@miate 162.t Bhe SW&@PWN 18kown
in Figure g%d éEI e ﬁ:;;iﬂsstt&tgkﬁﬁhéﬁtﬁe REHAR sEbsRARP92. 0 ALIRRSs glégﬁélﬁ{eﬁeby

25mMmm 105 orne e surface of the substrate
sensi ng pelecirale sﬁm mﬁlmmélﬂﬁs ragd 1€8s fromaoehadgron Alreveldvity ©E igpid gt the

por tion_1Q85,,0f k15 SBEQNE: BLPGLLANE 1905 Lsendnt BLIELUR LRI 1

statlonary rgllg(ftlve e se |ng portions .
and 108s rebnmmde mSatcamadirby cavﬁitaml vEhis ds titn eosradstinaitoe thOfi¢zotloctsbhaar

stress ap trode,.s n5| gg Qrtions lg qwd%ngh 1085)

from a chgﬁeé%“r? ﬁenf?{% w?’é‘&' eéP?rilen Pfdlfp o[Vl PRESSENS P HSF L1°0h 1065

of the fi if@d0] elMeetieactde bitngament td ma;ﬂmvagngps)riﬂablenhl&.l&&s efichtdserad ond

g: gg;;?ggéﬂi?rgﬁ fl'% ectrcl?(% agramvéén'?én{ ?6‘4 may f?)r e:?an{p e, %O%r adi (;[llll régf}tfng%rt 0
depositing on the substrate 102 surface a layer of eléctrode material (such as gold) and
then performing a selective etch to remove undesired portions.

15 [061] The sensing portion 106s of the first electrode 106 and the sensing portion 108s of
the second electrode 108 may include a strip (126 and 128 respectively). Referring to the
inset 150, the strip 126 of the first electrode 106 may have an end 126e which is disc
shaped, while the strip 128 of the second electrode 108 may have an end 128e that
partially surrounds the disc shaped end 126e of the first electrode 108 to form a crook

20 shape. . o
[062] The disc shaped end 126e may have a radius of around 0.2mm and the crook
shape may have an inner radius of around 0.25mm. The strip 126 of the first electrode
106 and the strip 128 of the second electrode 108 may each have a width of around
0.1mm.

25 [063] In the embodiment shown in Figure 1, a regular gab of around 0.05mm exists '
between the disc shaped end 126e and the crook shaped end 128e. However, the strip
126 of the first electrode 106 is not parallel to the strip 128 of the second eleqtrbde 108,
The spacing 110 between the strip 126 of the ﬁrs§ electrode 106 and the strip 128 of the
second electrode 108 tapers towards the corresponding end (i.e. 126e and 128e) of the

30  first electrode 106 and the second electrode 108, the tapering ensuring that detection

occurs mainly at the disc shaped end 126e and the crook shaped end 128e.
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10 pressure sensors, which experience displacenent when pressure is
applied on them [060] The el ectrode arrangenent 104 may have any
sui tabl e thickness, such as around 300nm The el ectrode arrangenent
104, may PH?”E%&WﬁPe be formed from coating or deposi P¢HYHHQRE7
substrate 102 surface a | ayer of electrode material (such as gold)
and then perfonming a selective etch to renpve undesired portions.
15[ 0611 The sensing portion 106s of the first el ectrode 106 and the
sensing portion: 108s_of the second el ectrode 108 may include a strip

(126 and 1961 dbpwperingepgong ey esn thegrip 426 ofche ﬁ@é?leme 19handsthe piFP 126
of the finsg ofltﬁ&gewmeelé&%mﬁs REMRH 3hhat SRGe }@égnxﬁespﬂ)ahﬁ Bﬁ%f%ﬂ&REd

while the strip 1 of the second el ectrode ave an end: 128e
t hat " part |Oan0|19ms@ndr olangest spaeingild2 of pkaye @-3ema 1t216@159fp05mlde fthat.swhere a

I d 26
e 3l gL S8, S0 s8] 963 i 38 i gl oo
i nner padishapedndii2Banttic n@feshspading 13 s iabout 2@)5min mdea largesttspaimgct3Zade
106 and t hgou%tOr 1%§th%f ?%Qﬁlagzgf 8’{3 Jr';l gs}ht‘} gﬁ% is %%%Qd ri')a‘\ilavln% 1,

wi dt h of aroun 1nu own I'n
a regul ar tl@aqmpﬂZSamdumhbGutGBnm axix pabliel haeﬂhweégt oak sdltlmcﬂﬁhiaqoesﬂapedld

126e and th 00 sha d,en t he tr| 126 of.th

fEoes 20F cubs Lo e R e o e Rt aiop bRt Bporias Sisines
el ect r ode of GproxkineteSlaan Nn dthék datiodrentst(her shown)p thedepetihg inlag b created
el ectr.ode ég6 and..t he strlg 128 gf the second el ectrode 108 tapers

towar d9 t FEPELY Melipins e derigP of bh s§9%e and 128e) of the 30fir st
elhect (r]I ode {dd3f aﬂtdeléchfbds @ﬁ&llgdmeﬁtemrxﬂ@&ad I&D&hddsfgtdaed alRR rthd%@eﬁﬂgmrdﬁﬂﬂ's
that detecti n oc [ a e dis¢ shape en nd t he
crook sha Scmalt B‘i/l]en‘%'h{emfaﬁ'é‘r °r§§éépﬂ’§ 12 gehip
126 of t h@mbbdlﬁfentel @6t syl 924 Qad anél striisemt aﬂepnol?aan@:ivet Ref6@CAthct as

el ectrode 108 is such that_there is | est spaci q 130 of about
0. 001lnun SPRPegingsRRsde a‘%‘B‘é@‘%@“’ié‘?W&? tha%httheoﬁrswﬁvmml i14 ang thg second

possi Bke tdi@tinal Wﬂﬂé pRtivRgUIBs sap b@facﬁ[a@dniﬂ SevAA ngn ErSnfflcvens
t he di sc shaped end 126e and the crook shagﬁd end 128e, the

smal | est §Palsshpacing130benygsn thefirgmlssiradedl 04 and pgeeqond slsetrods 198 maype
about 0. 3gghced B diddRice Hpﬂmm% 36619»“ Alt@mEﬁ&W %n.l]y tht fgalstr@pﬁosﬁdhgof tﬁe

created by having the strip 1 i ncl i ne about to an axis £ara | el

to the edgécteizprangsmeniahOdhe th.ﬁ digc shiapgsleand d3oe amlabe giiqek shepedpngolese
shaped en%rk@@anst%ﬁ&& SRV ﬁ%é&é‘ IPMQPL@ﬁo%fdeJT&%({h@‘fﬁE‘uﬁh@é@LﬁEe 6f the

approximately 1 nun. In other enbodlnentseénot shown), the tapering:
may be&0cr edhstete,1 9bily Ak lealya ipaction refrige trbreaipdanenf the reiqmr@cie peAnigenent iips.

provided within the insulative surface of the substrate. As a further possibility, the
cavitation sensor may include a further insulative layer, wherein the sensing portion (i.e.
the disc shaped end 126e and the crook shaped end 128e for the embodiment shown in
Figure 1) of the electrode arrangement is provided on the insulative surface of the
25  substrate, while the further insulative layer is provided on at least a portion of the
remainder of the electrode érrangement. The further insulative material may be of the
same material as the substrate. ) '
[066] In the embodiment shown in Figure 1, the disc shaped end 126e and the crook
shaped end 128e are positioned around the centre of the substrate 102. However, it will
30  be appreciated that in other-embodiments (not shown), the disc shaped end and the crook

shaped end may be positioned on any portion of the substrate 102 surface.
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[065]. The el ectrode arrangenment 104 may al so be designed such that
detection occurs mainly at the disc shaped end 126e and the crook
shaped end |128e. In such enbodinents, the strip 126 and the strip 128
are not s¥¥FHEHE5R20 | ow, and act as connecting stri pBCYRCHMNNI er s
(not shown) through the first termnal 114 and the second 15
termnal 116 respectively. This may be achieved in several ways. For

i nstance, the smallest spacing 130 between the first el ectrode 106

and the s d.electro 08 may be spaced n 0 e tha
S00um AL TS Tfe SbnE dT0 FoDREr e e Wi 10 BF 6 s Heglhioids
ar (r]I agggrre]@ﬁe ﬂéﬁﬁmé |p0ﬂ10nt 8s dfﬂﬁ ﬁ&ﬂﬂeﬂcla:dﬁﬂde 13?@ aﬁla”lleii- hﬁnCaf m@iﬁe&hapedh
en e for the e shown .i.n ure m t he
i nsul ati v&URRIF fube stﬁctfﬂe %ezepagwssltwe@? ceftho gsn éy pert flﬁ 'ﬂqugﬂst
t he renmai Reefodef10638d ﬂie%ﬁﬁsh@%ﬁﬁfnrl@ﬂggﬂﬁ@%ecbﬁd Bledhoke o8 wpt—éibrablmea
i nsul ative surface of the substrate. As f.art her Bosm bility, the

cavi t afi oﬁn%mValﬁa'gﬁlwhoafdéssahw'akfﬁ&heﬂwwreapf thig bpbhesto, be\%ﬁ‘éﬁ‘té‘? n the
sensi ng p?éés'] Oy & éenﬁng faé‘rﬁoﬁjl% oS e ped eﬁ&?od%ﬂ@@m?d"ﬂe §éﬁ§ﬁng p&eikn 3082
end 128e for the enbodi nent shown in Figure 1) of the electrode

ar r angeneitte sesoqdrewv@l@dw@rﬂrq previdedsert h@qwemsnimeacle thsf enpligdimep shown. in
subst rat € gl | @nd Bl drl SRS oo IR A AL AT e dEd On at

| east a por 1ol of t emsu er o ectrode arrangenent. The
furt her i h@A9 aFigvess avatteﬂDahomsossatecmnai views tatrmgvithaespastiva don views) of

substr :5] gE %Ifg&” ped
end 126e andgﬁﬁrle roo rEape end g‘%dggﬁom Fllgﬂé da?@ﬂ%]sdaf B
centre of ligd. §‘lhbslt:¢:taide a&@ﬁ;embm\%O@rfametatemOhIa saffactve)fappbsagieaﬂé,cmtahat

i n other n 0, hown), the disc shaped end and the crook
shaped en%’nﬁagldgg gﬁta& |%ﬁ§zd on any portion of the substrate 102
surface. [070§ 7I'hél' Hectﬂqda@rrn@eitﬂ:ﬂt m Iwesemlar he tizeorsi shgwpon theomset 068 off
the first FeI ect q ¢ ﬁ‘zr:l\ d theW @n 6“4 OrMi]IOSS of the second

el ectrode ﬁ%‘ée | ss‘o*sf’snnF &t 'Phak 3 er’s f58bbl e to be detected.

The spaci l[lgﬂ].lElgb&tMeelibvishebiﬂﬁ&SIOigamm’abhmglthbeﬁa:trodle aienpgémers 250. In
el ectrode [ 106. .and, t NS§iLNQ _port 108s .of .t he seco d el ctr de
108 is pr SIS a@%y e ubgﬁngbfp # XIF%PB“’& ﬂ'@}oa%lgufurﬁs‘é g twgn

t he di arrE'&aﬁing@iheﬁﬂEO Raid bfetes o fAzeligled Gowe during 6X4ansibg tlsaemzilnge pmdial on
106s of the fi e trode 106 and t sen ortion

second el SEtAEEC ST SPEOUGRRT OHeS TN O 3 SREpired fuh o jerhe
errb]?dl fTEn}ﬂoﬁtE@Mﬁtuhmy Eprgads eoutwarlidr6n ]memcalaarmwﬁ ipFgrd @C. t o $thidy
surface of the s 102 69 ures 2A to :
cr oss-Zecidipting é ?‘?"ET ¥h r‘m‘ell;tﬁlgr g - {TEPPISHE gb@;i e §apqrybubble)
cavi t at i ORoR&H rdniyw@scpmteﬁ Iﬂ@v sytnefsa@lal nfcomngels ®adK @ebethe HfhiaN gﬂfrmenﬂm%o
imrersed into a liqujd l)i‘bectro e arrangenent 250 is fag ated

on a surf AeEerpreregt ub&ét%tbeb 204 g, syfficiently stropgdt gan. ;Adify ¢ the pharge
SeNnsor.  configuration in the Debye layer (as described in US patent no. 4,254,377) on the

-

electrode arrangement 250 and on the isolating substrate 202. A current of the amount
25 L= j u(x,y,z,0) p(x, y, 2, t)dzdA

is created, where u is the velocity component parallel to the sensor, p the charge density
distribution varying as a function of the distance from the surface z, and d4=dxdy is the
surface element on the electrode arrangement 250/substrate 202. The second electrode
228 collects this current which is returned back to the first electrode 226 through a -
30  cwurent amplifier and retum circuit (not shown). As the liquid flow is fast and the created

current is small, the current amplifier needs to have sufficient bandwidth and sensitivity.
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[ 70] The el ectrode arrangenent 202 is simlar to the one shown in the
I nset 150 of Figure 1, so its structural features will not be further
el aborated. 15 [071] Figure 2A shows a bubble 204 approaching th

e
el ect r ode W #UHMENt 250. In Figure 2B, the bubbl e 208CT/5G2010/000397

expands/ col | apses onto the surface of the el ectrode arrangenent 250
and creates a fast liquid flow. During expansion, there will be a
radi al outward flow and during collapse, an inward flow which is

superinposed with a jettin | ow_event ual | eads outwards an the

Subt e’ adocriigh heschevipatshe HeEE Bty oS e R AT ntfe i

L 0 a repeaae}cﬂgde‘dr@lwig@mnt Ef}fmis c&uieftadlﬁd aeﬁ_Eilstbi_:l@b{ ﬂlogmpamwlgmbﬁda@e, withh
owever, only QscCl al es ew CycCl es nti Lt condens .Into the

liquid. I Hebleraue 'S‘f"e?frfwﬂ‘%% ’8@3‘%@“’? Akths GEBTE %ﬁﬁ“ffs ai‘g’ﬁﬂsfac‘}?eeﬁt-l y

strong it vaakb&oghid YhisHiehecd ai@RnC qm‘?;igw ahdions | DHPLA-BbYRn ayEvmTOas

described in US patent no. 4,254, 37 on the el ectrode arrangenent
250 and olMessechndoCmbHnBerlipfagmatemainbeused.cur rent of the anmount

254(1) = u(r21Y Fgute 3 i & 10p el Jof afithdrenfbo8iictlof Yo/itidh ichsdr™@0. The
vel ocity conmponent parallel to the sensor, p the charge density

di st ri but icavitatign sansey 388 issuftehie for defecsing bulblesime Hawid from t he surface
z, and dA peydy: -8 t.he: fia t t C t
2507 oubst 190L SRR EHE 108 FRATRN ey 08 fp SCpLAE: 202 BAREER
whi ch is rsiativesirfags kend an tlhetrode pgengemenit30ddehicle s shewn ingthe ambgliment
curre anpld: f1 BN CLE GUL I gl ow
Is fas a% F%#(Iag(g:rtgg?fq gg&h%%dr%ﬁtheﬁggugaﬁ%%]?‘?ﬁ%ﬁg%i ?@?}t{é‘gg%*'i %&1 lgfrilo tlfrllétgeds
to have sufibbdiment (ipandwivd), hthandectteds iatrandement mpy be ovidedhwithin the

sensitivi A aﬁiv%pu?f el 8Ghd Q4§ AL rangement 250 to el ectromagnetic
noi se, theé elec rode arrangemneiit 250 is connected to a resistor (not

shown) of [07#) Thpekensie, amangdment 384 hisadccorviabreanels (30de, kbl hidtciangut

P20 ik gyl SBT3 1 050
Messt eshnizkeddat seddad klettrodee (32813 288,)328€ a5 828d). The pairs of electrodes may
be arranged such that the first electrodes (326a, 326b, 326¢ and 326d) and the second
electrodes (328a, 328b, 328c and 328d) alternate with each other, i.e. the first electrode
(326a, 326b, 326c and 326d) is disposed immediately adjacent to the second electrode
(328a, 328b, 328c and 328d). The embodiment shown in Figure 3 illustrates an array of
20  parallel wires or strips, but it is also possible to use (not shown) an array of concentric
rings. It will be appreciated that the position of the electrode arrangement 304 can be
varied to optimize the space on the surface of the substrﬁte 302. |
[075] Each of the first electrodes (326a, 326b, 326¢ and 326d) and the second electrodes
(328a, 328b, 328c and 328d) are isolated from each other by the insulative surface. Each
25  of the first electrode and the second electrode (326a — d, 328a — d) includes a sensing
porﬁon (326as, 326bs, 326¢s and 326ds; 328as, 328bs, 328cs and 328ds) which, in the
embodiment shown in Figure 3, extends across the lengths of the first and the second
electrode (326a — d, 328a — d) that are adjacent to each other. The spacing (310a, 310b,
310c and 310d) between adjacent sensing portions (326as — ds) and (328as — ds) is
30 adapted to allow charge flow between the respective first electrode (326a-— d) and the |

second electrode (328a — d) caused by cavitation occurring at the sensing portion. The
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[72] Figure 3 is a top view of another enbodi ment of a cavitation
sensor 300. The cavitation sensor 300 is suitable for detecting

bubbl es in liquid. [73] Simlar to Figure 1, the cavitation sensor
300 has a"%‘h%’é?’i’%ﬁ?@ 302 having an insul ative surface; BpatSei10/000397

el ectrode arrangenent 304, which is shown in the enbodi nent to of
Figure 3 to be provided on the insulative surface of the substrate
302. I n another enbodi nent (not shown), the el ectrode arrangenent may

be provided within t nsu e _surface, of_ the substrate, [74] The
el ect r ode ¢ *}9%49 nJa lohe fg e 5324y 5 § andhs semsingporaensc

and 304d) (326 h dg)” ofdde deBsildWthcEded (132891’— diRIa® bPplovile®@bn & bérpho®bRAd. rIAdES
(3264, 3261 c and 15 326d) and second el ectrodes (328a, 328b;

328c and sb%@pbom@tﬁa?% inp Figwie s thegrpaunaraglanseis eralelfe dhe swifrce phhet he
first el eqir@dessof326a, 326b, 326c and 326d) and the second

el ectrodes _$328a‘ 328b, 328c and 328d) alternate w th each other,

i . e. tie fIP?P6t Beingdpresdeon the gurfacg 2dihe sibsteate 362, 3he aqusing partions £&2pes,

i nedi at elpe J%ﬁ&nzmdt éd@esfs%giﬁbf' g&{ ﬁfhﬁﬁ?ﬂ% Gre (:Qt%%gu?reé% ?:988

328d). The e Iment s ovvn In ure strates an ray o

paral | el wtatlesarmclmvmtgs&he sfubstrafet 3025 Bilessenyeespirtydns (ﬁ%ﬁaasﬁﬁbsndﬂﬁ@mdn)
an array t i . i

pos 11 on oPoERE ar ot qui e Kaallskoa SR RET UALEL LiHeckdf a0z,

t he space apphetdhheas wirdsa remof chiabge is theyeloaiteofdBRid at [thaﬁ:}endﬁmmrMnst(mas,

first Ie d 32 3 c d.3 t

ol ot rBuioa2p8y P 45ETz005 Hus, 2A8E S aif PMas AL IS FERRRE Toisisia,
by the i n&uhwddlsmactmurtbam&caelaanh of prasburt kensoisy sthidhl egernade dgpthcehent
second el e rodeﬁ%%ZGa dd 328a - d) includes a sensing portion
(326as, resspec s applied SBARE " 30855 328bs, 328cs and 328ds) whi ch,
in the enﬂmm] Miithe shbsdimeitt sﬁmgui’n@@.lre exheﬁtdsingﬁdslﬁsls(azhﬁ-idmgﬂhs fiedt

the first d trod - d, . 3 - d).th
i acent OSBRSS R aes ~Sbi Dasssendeltriagplita -
bet weers adj) aretips semsualgonﬁé fitsOlectiod2@a6a = dYis paralel td & S@ip oftlﬁss}coh&

(3260 - oo AEb<aa)dor 4l S Gt Aok SO ORE e k) AyPee P

OCCUT I NQ sps bkGaflo) tHeGliseaké baﬁeenTalaﬁmerﬁ QIStrdts [oF &aliple, §536a8 328a913)
of the first electrode crg326a - and the sensin port| onﬁ15 %28as -

ds) of thdos@Reatier &t (fied of §’2’8%Pe O IONEE3FTAYS, 1)l reateéfosh BN

plane. . | meten &RRMA dIRAbdex Y Bxanpld; B 8N Md 3288) H6r OB ForlRkAMSle BE4b)
parallel tq the surface of the substrate 302. 5[076] Being.fqrmed on

the suaﬂfa@éﬂ&ronﬂ%ns%g%ﬁt@éé@ﬂiﬁh@%éh@ﬁﬁal r P eieT: (D the same

array (for example 304a), the distance between adj acent_ electrodes (for example 326a and
328a)-is the same. In this manner, each array (304a, 304b, 304c and 304d) detects
bubbles of a specific diameter, enabling the cavitation sensor 300 to detect bubbles of
different diameter sizes. For the first array 304a, the strip of the first electrode 326a and
25  the strip of the second electrode 328a may be spaced 310a around 0.05mm apart. For the
second array 304b, the strip of the first electrode 326b and the strip of the second
electrode 328b may be spaced 310b around 0.07mm apart. For the third array 304c, the
strip of the first electrode 326¢ and the strip of the second electrode 328c may be spaced
310c around 0.09mm apart. For the fourth array 304d, the strip of the first electrode 326d
30 and the strip of the second electrode 328d may ‘be spaced 310d around 0.1mm apart.

Since the strips are parallel, the spacing 310a — d is uniform within each respective array.
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326bs, 326cs and 326ds; 328as, 328bs, 328cs and 328ds) are configured
to remain stationary relative to the substrate 302. The sensing
portions (326as, 326bs, 326cs and 326ds; 328as, 328bs, 328cs and
328ds) ref¥? W18 20nar y, relative to t he substrate SOIZCT@Q)Z%%?S’P?%d
shear stress froma change in the velocity of liquid at the sensing
portions (326as, 10 326bs, 326cs and 326ds; 328as, 328bs, 328cs and
328ds) caused by cavitation. This is in contradistinction to

pi ezoel ectric or pressure sensors, which experience displacenent when
pressure i@78pf ¢ ‘gﬁf abodimenis (pefEhpwnthe st elepiserlerrnd thesmennd elestradefr o

3, the Se%y Bfe BOhbie! f/s?’l%ggﬁot beqﬁ}allgl‘ sot tﬂﬂ Jlﬁl&stﬁpe% ﬁ%fd@ ri S &ﬁ&ﬁ af he d)
and the senSing portion ( as - ds) of the second el ectrode (328a

15 d) ar e distancpbetwaneadiacent slegttoden in #lj afshe asier morriarayg ey be the)same for

aral |l el gﬁ%f 328a - d) for all of .
Ehe arrayéﬂ§%%ﬁgﬁgégg R%g%%%mgﬁggggiﬁ% a(ﬂgouéh t he stzlps are
paral | &l , [0T% Bemnamg:@ thetenéedlmdj shoemt indfigue o thesralid of thexspagpd €10826a
and 328a e 4 r
a0, 328%) 000 908 ok o) FAAUR. e R4S yRpAlNIB0E, ConlDUP U RN
326b and 3B£de§coﬁdalecemtﬁ(h%a{d)omdakawpitboﬂﬁékrhp Bﬂtheﬁirstt blectonle (iﬁéancuije

arrays, |i 310a #.310b # ver

array (f OF“QW% °§glfaﬁe°°'fdﬁ é‘i"gﬁ g#%& "bé_ﬁ;:% tﬁ (?n{] ?e]c?saglbde
(for-ex arrpéspec’iﬁslg anGill 32 Spprecisted that thegeratid valieli hﬁyrhialljrﬁged, dapdndiag bay
(304a,, 304 Sgéﬁtgg 304%%5 %@gts b bbl es of a specific dianeter,
enabl iy tHfsieLbite P P8 §8°¢'8Y det ect bubbl es of different

d: amet e & s[gg%s Thé tiéﬁdihe%i&ﬂaﬁ&tbeﬂfdeﬂﬂdjﬁ&ﬂﬁelednb&eﬁh amporeguf&lge?nfayg @o4ab

el ectrode a_ an e stri e Seco trode y. be
spaced 31@3“&?9%ﬁ&d§%ﬁ®ﬁﬁ$ﬁﬁﬁ$ i“@ﬂ%s@% ?EV”§@%B?‘¢HES§Fr|p
of the flﬁ§ﬁu@hQQHkg6@0ﬁ£@anﬂﬂuhhﬁeﬁﬁr|p of  the second el ectrode
328b may be spaced 310b, around O7mm,apart. For the tplrd'arrﬁ%an

304c, the [484; Forgxample, IHSrlelf’weﬂe&fﬂrV&a%orsbz%Ele%ﬁaﬂf REPRgShgap siggss

secondsel gdar 0 @prAdBimatly e sPRGEH whiRC RAL OMNghe OmPAMIABAbHle h@ibs. t he
fourth array 304 the strip of the first el ectrode 326d 30 and the

strip of t&?éoréeebn@eépvé@eroé&e elesadesumay be ob shawt0-3 1003 Hpst Hg maxypRm
apart. Si ngeplt PRius tTHeﬂﬁeﬁ‘rr@soﬁﬁﬁ@h-E encyl dtBuBRECh Rated #0Bom ténpefattiBiid Or M
Wi thin each respective array. [O I'n ot her enbodi nents (‘not

shown), the first el ectrode and tﬂéF§éBWﬁb el ectrode of any one or
more arr ayg By Qothebeshdhieblmble &RmeRAmRLRAN int ﬁh%fs? ah@VlartHleS dhibRe

ot her. The glstance bet ween aghacent el'ectrodes in all of the one or
nore &0r ayrsquengy lfaeashesd 5 rHaerﬂ'z IsDhmay seree wherwitple desige evidel ety e
parall el Qésofifibe BnMleh D, is iaphiflied s BRI phibI¢ BEmBER A0, B ARANN

in Figure 3, the ratié @ e space (310a, 310b, 310c¢ and 31 0d

bet ween t wirasoni¢ gleanfing bagh, ﬂherlsaonenceehar@m ig mmmatdy 0380 mmyfors tG0KkPz of
h
t he S.econgIE - Og@%%%zgarﬁq f!» 0. O%))nm_e%&j ferhﬁ\/ﬂel? qﬂ{:re%na}l&et(ijﬁﬁl t!ep 1 Ibgrupg

r—rMJ

first ele vy
(328a - d)mlbtass tlﬁhust‘aﬂ a20kHafultfasorfic aeaningl&t}aﬁd: 2p bmgc‘@mtyjleqmdm ¥
be appj.eci L Qery e na. on
be aPRleCi Al a8hd Bt 058418 bkl Y87 TN Furt AN S Houc IR SA8N Bt

expected as the flow dies out rapidly, More details on the relationship between bubble
radius and resonance frequency may, for example, be found from the publication “On
Musical Air-Bubbles and the Sounds of Running Water” by M. Minnaert, 1933, from
Philosophical Magazine, vol. 16, pp 235-248. _

30 [082] Under strong driving as frequently observed in.ultrasound cleaning applications -

the maximum bubble diameter (which is then a function of the pressure) can be
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[ 80] The optinmum di stance between adjacent el ectrodes in any one of
the arrays (304a, 304b, 304c and 304d) is governed by the bubble size

and the determ nati on of bubble size is within the person of average
skill in M¥R2043950522181] For exanple, it is known that BGU/PEXYAs7

bubbl es create strong shear stress over an 15 area of approximately A
= r Rm2 where R'lax is the maxi num bubbl e radius. Accordingly, the
spaci ng of the el ectrodes may be of about 0.1 to 0.5 tirres t he

maxi mum bupbl e r The |in resonance uen b

wat er at r*@@mlwe a,!r U Rample, ﬁﬁ g fiy agn- l%ﬁbfﬂ (ii/aﬂ Féésﬁ% om'
bubbl e di gpRkhGEmEAE amfee&tdﬂe cAEbLfoid RNEE fublibfiod F‘N\ﬂn@ﬂca? waegt%am
(measured in _Hertz [1/5 serve as a suitable design guide where

t he resondRBlnegy aspiliagipns %‘gaﬁ ubblesinligpridy b Wemst fawteibom Bemppenal of
di ameter, zmzﬁam&zéﬁ&ﬁﬁkrﬂ& %ﬁ§@woc,qu~e%%bﬂgv7la@wz9§ he resonance

di anmeter i s approximat €l 1cHz the resonance
di arret &r i[68%). Betyminmdo giml‘ift %@e@l@ﬁ@d@éﬂdﬁﬁmbﬁo‘i sthe yearimem

m crons. e p twaen
oty ncont SriRos BbpuRar? dfichs ioBROB fhottn 3PS BALR 0402680 30 4R
di st ances 30ad)giepreferablyadboutt lesd thars hahaf thesdizmttereofptbe bubble a be ideteftbdw
dies out r h el gt I -
ot us. androbinbly. YL SpEfl a8, Mob"fi ok o A10RE DLl CE iRk Bt fon
publ i catl @32629n db)Lenid ¢lad seﬁamgﬂmdni (é%SaamBs) h@rﬁaubiglsmelﬂerlﬂumm digmabét ofr "
1 33 m Bhi | h Magazi n 1 ,
S5 oall "anishis, Bt AT T, RRCRAL 6310 B TAApe WlinamifedBY psine
.ult rasouretbctrdadbegebmgtnapwithdﬂ‘ferenn@amhg maxi num bubbl e dianeter (which
isthena cti gQn t he SSUr, n determ ned b for .
evanm) o, - 4T Rt atdhe o PR H0hE 0rE el el BHEAT b biotpmipal
measur eme 34, 344%) k&8 dssnp:iommmcrbaf tﬁ@ﬁfsdelladnroti&he(ﬂmbjs:ldba}iﬁﬂn? 2edhsfiink C zgl
i nvestigation of, no |nea 0 n, | i qui y
Werrer it SPEO TR eI EurREs 3585 SR AR e oteE: ) arnr ko
Vol . 513, H]?dagecoﬁlﬂ?b:ﬁtﬂﬁblytd:xﬁﬁﬁl @38-330t0 ?:%tzcilﬂs%ll of Bk Hécﬂhd@le&tﬁad&:h@%a
geonetry t e ro ar r angenent ce
bet ween ag?%%c’e?l%gé} Pgﬁlgé’nﬂﬂ %%e'ﬁﬂ?dﬁrp% 1263, %”}%@Oiﬁiﬂ, 3604,
304c and 3044i326& 3pEShRIBEAYd. about | ess than half of the di aneter of

t he bubble to be ?etected Accordin 6‘%/ %he S ng (310a, 31 O,
310c and J4850) The Btk EmpHLIERARIGP. g6 Crtbr S dbe Seopndcomimepry tpgunal

sensi ng p@s42; Qm)@%ﬁﬁged lﬂsanel 3 eEHthtIféEaﬁhhé tﬁenmlsd A1 s&&me@ctehdem&@zr of
10 a bubble to us, diff ‘erent bubbl e sizes may

di sti ridui SAta 3B§b &%i“hg”é‘i é@?‘i‘ &a@c gédmareryreaesrarligh ?feé?fb?fbefswaﬂ? 8.

first and second electrodes (326a, 328a; 326b, 328b; 326d, 328d; 326¢, 328c) are
arranged perpendicular to the first common terminal (340, 346, 348, 352) and the_ second
common terminal (342; 350). . .
[086] As shown in Figure 3, the second conuﬂon terminals 342 of the first array 304a
25  and the second array 304b may be coupled together. The terminals 340 and 342 may then
be connected to a first current amplifier, the terminals 342 and 346 may then be
connected to a second current amplifier, the terminals 352 and 350 may then be
connected to a third cumrent amplifier and the terminals 350 and 348 may then be
connected to a fourth current amplifier. A respective one of the four current amplifiers

30  will have an output when cavitation bubbles impact electrodes of a corresponding one of
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[ 084] Each of the arrays (304a, 304b, 304c and 304d) includes a first
common term nal (340, 346, 348, 352) to which each of the first

el ectrode : _326b, 326d, 326c) of one or nore ele '
(326a, 32§g§§§g§@73328b; 326d, 328d; 326c, 328c) are cgﬁgggﬁyﬂ%gbgnd
a second common term nal (342; 350) to which each of the second

el ectrodes (328a, 328b; 328c, 328d) of the one or nore el ectrode
pairs (326a, 328a; 326b, 328b; 326d, 328d; 326c¢c, 328c) are coupl ed.

1085] The first t I nal 4 346, 348, .352) and the segond
comon t e iy 95 304 S0 PR 300, By Wt PSR ogBland ny SE R
the first oancr meeandysqB et 3B A6 4dPDaPRBmeasdR8bepad?dil) ; 326d,
328d; 326 2 are arranged parallel to.e ot.her, while the -
first ana WLomiheithaer e fis B8 et tind 219588 g Ay ol e
?:2% ?18 , 222@1% 2{3 ﬁmgag zrzlﬁ@g efjbz;@,ﬁsrqae,raﬁzxe gh&som ahfhe ffr#trc‘éinl nﬁ)@34rf&&ﬂ2 %dé gﬂﬁﬁoﬂ a:%]
, , , and the second compn.termna ; .
he. Shotn FFoRE BEC04b of e OBCEr RS ORI P s Sdtinay hebaopled

array 304gy2hefNGifl11y5 66 Oftler MrhtAMin R0 (¥R ¥hAen)C @4bl 60 tHeOfRE REhmod he
termnals 340 and 342 may then be connected to a first current

anpl i fi er rerminalsiraasivioh bg coupled togsthenand eaghyofithosicond conimipaderainalsyngy not
second CuUkLeRbslAThidet.er, the term nals 352 and 350 may then be
connected to a thitd current anplifier and the termnals 350 and 348

may then 88 oRpferingdotiiswest band A, tharsubsiateatPh.i 3028 may fer fabrirated) famone
of themf O‘éfassc. Wh’éeéi'éctr@@? lm‘r:irfg%@nt (104, 304) may be fabricated using any conducting

material, such as any one or more of gold, platinum and titanium.

Industrial applications .
[089] The cavitation sensor described herein provides for a sturdy and inexpensive

15  sensor which is able to measure occurrence and strength of cavitation bubble induced
flow on surfaces.

[090] Hydrodynamic cavitation occurs in turbomachinery, ship propellers, ship rudders,
high-speed pumps and pipelines. Thus, the cavitation sensor described herein may be
used in all these environments to optimize operation parameters without structural

20 damage.

[091] Ultrasonic/megasonic cleaning is used in the semiconductor industry to remove
particulate contamination from processed wafers. The cavitation sensor described herein
may be integrated into the cleaning tank (batch process), single wafer cleaning tool, or -
even onto the wafer for online control and optimization of the cleaning process.

25  [092] The cavitation sensor described herein may be used for ultrasonic clcahing of
membranes, in particular delicate membranes for reverse osmosis, to control the amount
of ultrasound energy to prevent rupture of the membrane. The cavitation sensor can clean
surgical instruments in ultrasonic bathes. Since the cavitation sensor described herein has
a simple design, it may be included in more expensive instruments. o

30 {093] The cavitation sensor described herein may be used in the research and design of

flow systems where cavitation may occur, e.g. artificial heart-valves, high-power '
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30 will have an output when cavitation bubbles inpact el ectrodes of a
correspondi ng one of the arrays (304a, 304b, 304c and 304d). In this

manner, cavi | occurring at any of the one or nore a,
304b, 304?“%%§b§@%3) may be neasured separately. 10871P§F$ﬁ%%%%%%ﬁt
shown, the first common termnal 340 of a first array 304a of the one

or nore arrays (304a, 304b, 304c and 304d) and a first common
termnal 346 of a 5 second array 304b of the one or nore arrays

(304a, 304 30 4d y.. be upl ed together...Simlarl i
ot hor enb ol RS ARE o SR wdfs, CH e FRERRE, il Ml il
not be coupkracuidgehdthemideatdandfultheurdeanifice.onmon ternmi nal s may

not be co d t oget her, 8] Referfin o.Fi es and.3, .the
Cobstrar o P42 ASHBIE bougdery Tir B5n SkPoraioRysy Graius and p SPGi: ¢etie
ar r angeme istfth@idn 304k be1possible tb dbreintind e grlisngofdhy velotidugrbfiRgrom the
material, such as any one or. npre of %%qug%latinu a titani um

| ndust i alUggpistEag R the cavisyon-pepsor deprosd hersmamms b ahl o psasig wall

herei n pr Qyéseesk ahd dersdh bavititich i 1igHRX RRA 3 gh&llo%Orafes SR o Wahsube the flaR| e
to measure occurrence and strength of cavitation bubble induced flow

on sur f acdBingconyalyfs@f ARSIt cavitation occurs in turbonachinery,

ship propqhdsfr Fignidh PhowdAARESH oM ADMERARLIAHME ARG AIRRIHESVitd{dHS
the cavitation sensor described herein nay be used in all these

envi r onnmesersot YPopt i m ze operation parameters w thout structural 20

damage;, [g?%dr, Phi e awtRbs/BREAAR Ghich ﬁm}ﬁiﬂed P 4S ecQ_taicﬁ‘abiehﬁndf therefore

seni condu i ndustry to renové particul ate contam nation from
- pr ocessed repfceatde, iy mountad pr atstrsar kaddes $04 adiabiris perthetted & :maiybady (not

i S A0 O (N DL
opti m zat ivesterprpof nasing 46 iwhg;hmim @seess to a display 408. A button 410 on top of the
housing 406 starts measurement. The electronic board analyzes the signal, e.g. the
15 number of peaks per time interval, and the average strength of the peaks to characterize
the cleaning strength of the ultrasonic cleaning bath.
[097] The sensor holder 404 has to be long enough to reach all places within an
ultrasonic cleaning bath. If an amplifier is inside the housing 406, the sensor hol.der 404
needs to be shielded against electromagnetic noise. However, the amplifier may also be
20 placed at the bottom of the sensor holder 404 to increase the signal-to-noise ratio.
[098] Figure 5 shows a typical signal from the sensor 402 in an ultrasonic cleaning bath
which is amplified with a 260 MHz bandwidth transimpedance amplifier (current-voltage
amplifier) and sampled at 1 GHz. The number and amplitude of peaks (negative 502 and
positive 504) may be used to determine the quality of ulfrasonic cleaniﬁg.
25 [099] Figure 6 shows an electronic board 600 for the ultrasonic cleaning monitor 400
(see Figure 4). The electronic board 600 includes a signal conditioner 602 which
amplifies the curent signal from the cavitation sensor 402. An output voltage signal
from the signal conditioner 602 is fed into a microcontroller 604 with a built in
analog/digital (A/D) converter, power supply circuitry 606 and the display 408. The push

30  button 410 is used to start the measurement. Instead of the microcontroller 604, a more
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25 [092] The cavitation sensor described herein may be used for
ultrasoni c cl eaning of nenbranes, in particular delicate nmenbranes
for reverse osnobsis, to control the anmpbunt of ultrasound ener to
prevent r 0¥ #HOWP22% he nenbrane. The cavitation sensorPQH%G@F‘gaéﬂ-””
surgical instrunments in ultrasonic bathes. Since the cavitation
sensor described herein has a sinple design, it may be included in
nore expensive instrunents. 30 [093] The cavitation sensor described
herein may be used in the research and design of flow systens where
cavitati orsc)pﬂagtic@tedusiglai groceasm f dapabi¢ - ¢fexompleal des, aknlyis; poge Fourier
ul trasoun ve | t sy, high
i nt ensi tyclfag%fls(ise F %‘)%e Héﬁg@ﬁf’é%‘lg%a " 5?:cte rhé)bﬁ’e‘f egl t rasound
enul si fi er[0100} 9‘4:1:1cdlssltrmomg: eleiningntiathy opayerbetwéen 20kHznaal 10@kHci Iy

profile and a s charedl ributjion it be, possjihle o
Gl er m no RGP arh iR 1 AT Sie PPl oRe 5r e RETIb gk hiper
signal .5 Thlﬁm thf] hethGaopiefatibn &Bqt&ﬁdﬁ}ﬁ OThdesCs bheﬂdDheheé;T&r,rmyclbe oh&lp&lrl]lﬁoh
nmeasure wall shear _stress t cavitat in liquids wt i g
f1 ow rat eSmRI® { cqnbieirs Ay ¢ Pﬁ? Fon Wﬁﬁf’%"ﬂ}r@iﬁr%% tww@esgﬁ‘fm@sf from
engi nes. dd@kitkioa4eota@hons a sketch of an ultrasonic cleaning-
noni tor 400 using a_cavitation sensor 402. 10[ 096% The cavitation
sensor 404010khFigirs 4 shawsa hlopk difgrage 0§ @ meRasOBiA Fleanimg omepitor, using a

repl aceablcgyitatidn SRLAH708, B2 SnQEWaRF toBPIoder 404 which. is connected to
a main bod&H&not shown)  hol ding an_el ectronic board (see Figure 6).

The el¥ct 1BH2E Thesipge “safqmcmnng 1ol #0asps Rszis 903 ihwhigh Blirabgicanes T e s
access t o fiplhddks an ﬂ@&enghehwﬁfee&né%%g@ a;e% ffd t8 shews IoﬁgvaéeQG The

starts nmeasurenent. The el ectronic board ana yzes t he signal, e.
the 15 nursieam G’Fltsptb%lk%'ﬂzbem2tap¢rﬁ Wafer ggt /8¢ impipgss opa vaafer@généﬁméadgton of

the peaks tﬂ@%&ﬂ@f acherL A& 9o Iaﬁ@'ﬁlaﬂﬁmﬁtﬁlﬁ-%ghiﬁ \Hﬂraﬁ&ﬁ il thé %@e‘?'?‘éﬁ

cl eani ng bat The sensor hol der as to be long enough t
reach aIISEﬁﬁees mnthln an ultrasonic cleaning bath. If an anplifier

|'s 1 nsjsde [Mh@; RO SRt chnsok 6k i Egﬂéé&ronfb%ﬁﬁfauﬁmgqﬁd%ﬁﬁéxrtrté&’thg%afe?'766 ded

agalnst el'ecttronmagneti ¢ noi'se. al so be
pl aced at Thhaotrl ?Q?mamme;td;re (heighs of thh oVatbe jet 04, flow fates dipanster phthe water

si gnal -t 03 QOIGHE ahdHe effht of W whtd Wb s% EVX\?\lﬂ %]%Pérgff‘&n ?Lr?ﬂ@llgrs S the

sensor 4027in an ultrasonic cleaning
200 MHz bauﬁgwomcmam@nmcapbdah@eedaqﬁimpﬁmal 0(a@mngent voI t age

‘("‘L“e)' | Tier )[%@gij aupl.ed t?i;[ rgg}}zh J%?BQHS”D é"%ker%gei' caribd And
gative na *posit e “Ugedf eterm ne the quality
of ul taoas @nssibly k@aa‘techgunng the cleaning process. Therefore the sensor 708 1s placed on a
material with very similar acoustic properties as the wafer 706. The sensor pad 710 may
consist of a single sensor, or multiple cavitations sensors to measure the spatial
distribution of the cleaning. In one embodiment, around 10 sensors may be placed on' ﬂle
sensor pad 710, while the diameter of the jet may be around 3-5 mm.’ '
25  [0105] Figure 8 simws a batch wafer tool 800 using a cavitation sensor 802.
[0106] In batch processing, multiple wafers are submerged into a megasonic cleaning
bath. One of the slots 806 of a wafer holder 804 can hold a monitoring cleaning tool 808,
so that the wafer holder 804 provides a multiple of cavitation sensors 802 placed on one
or both surfaces. Each sensor 802 may be connected to an external transimpedance

30  amplifier (not shown). It may also be possible to integrate an amplifier 810 onto the chip

and the amplified signal is fed to an external processor (not shown) which analyzes the .
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25[099] Figure 6 shows an electronic board 600 for the ultrasonic
cl eaning nmonitor 400 (see Figure 4). The el ectronic board 600
i ncludes a signal conditioner 602 which anplifies the current signal
fromthe MVPHHPIBR sensor 402. An output voltage si gnBEVFCHAYRET
signal conditioner 602 is fed into a mcrocontroller 604 with a built
in anal og/digital (A/D) converter, power supply circuitry 606 and the
di splay 408. The push 30 button 410 is used to start the neasurenent.
| nstead of the microcontroller 604, a nore sophisticated signal
processor sigoglpalfioe rasifice dliep nambataefa cabler | opsrestions, goultipdenipgpmay be used.
transfor ' r | VRl t | ' s . Cep:c M
be used. %&%g)jré’%y%l al&f%Fttsvrogé enrlﬂgy (i?% gcgﬁ!j rﬁ% Q%:?ilt Il(%ig(grygltggry% t\i;\}/e‘g}rllls g
20kHz and offS@kvelitageTizedsatot her leglieh ¢hapabk ypshbsignal tevel. gusigndd pradassor with
sanpling rate. should b -l e 10, 14 L.ah 's
oper at | on “Hrgisiatpfing fedbon (AT gt gk iR BOF et 0GR BRLE
sinplesto configure, may be used for the mcrocontroller 604 to-
anal yze t si_%n I éromthe cavitation sensor 402. [0101] Figure 7
shows a bI'g8R™ F‘it@} #tof a negasonic cleaning nonitor, using a
cavi t at i onowenFRghre Mshows B Eavitatidrghsdr 9o eding afigutedio habiit 02itafibie A
si ngl e wafer-cl esn%?r}% tﬁ?ffl .70 seé}l}?‘?nozzl e 702 in which ultrasonic
pressure fICHEYIEH PP 3 et“lﬂ"é"%%géaéﬁ “frequency range are applied to
?02 tream Qé108pTRE Gavi-%'tﬁm%?ggﬁiﬁmg%hmbﬁmémﬁ artfaz;zﬂrslsblam?@mds aan/\a;hh féctddad

i mpi nges on a wafer and_spreads_on t sur.f ace. e water jet
704 a1 Bo reamem EPIHF (og e T e 040 o he CHAPR HOETANE cae be'

displayed using an oscilloscope 912.

and

[0109] The cavitation sensor 902 has a glass substrate 916 upon which is a sensing
elément 914. From both the front views 904 and 906, it can be seen that the cavitation
sensor 902 is secured to the holder 908 through a M4 stainless steel hexagonal screw 918

15 running through a holder cover 920 to be received by a M6 thread 926 for attachment to
the holder 908. Electrical contact to each of the terminals on the cavitation sensor 902 is
through a pair of M3 stainless steel hexagonal screws 928. BNC positive and negative
wires 922 run from the screws 928 to pass through the holder 908 to connect to a BNC
cable 924. The BNC cable 924 is connected to a high speed current amplifier 930. The

20  high speed current amplifier 930 is in turn connected to the oscilloscope 912. From the
oscilloscope 912, detection of cavitation bubbles by the sensing element 914 is shown as
a peak 932 in the signal 910. |
[0110} Figure 10 shows a schematic of an experiment: setup to test a cavitation senslor'
1002. _ '

25 [0111] In Figure 10, the cavitation sensor 1002 1s mounted on a sensor holder 1004. To
correlate the sensor 1002 signal to bubble dynamics, a bubble induced by a pulsed laser
beam 1006 is created in the vicinity of the cavitation sensor 1002, Simultaneous high
speed video of the laser-induced bubble expanding and collapsing on top of the sensor
1002 is captured using high.Speed video cameras 1008 and 1010. Light sources 1014 gnd

30 1016 are used to illuminate the area where the bubbles were induced.
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15[ 0103] The cavitation sensor 708 is placed on a calibration pad 710
next to the wafer 706. The nozzle 702 paraneters (height of the water
jet 704, flowrate, dianmeter of the water jet 704, and_hei ght of the
waf er 706 Q¥ 2BE22and t he operation paranmeters of t heP RS EOYNHI397
transducer can be adjusted to for optinmal cleaning. [0104] The

optim zation procedure nmay be done before the wafer 706 is cl eaned
and 20 possibly repeated during the cleaning process. Therefore, the
sensor 708 is placed on a material with very simlar acoustic _ .
properti ed0H3I E)Th@ somspie | 00208 gnal i sap g @reupgel ammifigny Ok Ad &qcorded an 2
single se : L Pl Cayd | O tHIERSH, I al
di stri but F%%E%’f g{cﬁfgéﬁ%ggﬁﬁ'gégﬁt&]%géng&grﬁdgggﬁéiﬁ@ar ou%% ° %Jdggﬁé;d;%rse
may be pl zowgaredta ¢velugieribomopent avwhich wisigna 10hR isdirednsedfromfthe ¢rvitation
may be argg&?r 0. M 25[0105] Figure 8 shows a batch wafer tool 800
using a cavitation sensor 802. [0106] In batch processing, multiple
waf er s sar §0HGb Fzngetl shotve agemsey sigmahitrace | 192 frony theaaitation eensér 1098 (sdeot s

806 of a fer,holder 804.c I ' ' I ' t _

that the s 0o BEberB s GReRA foThal etk B BEI Afhrdad@loniile, o
802 pl acedopéespoiming o hind Imomment alpe Subtia dinpaemds aito 882 seBspr HO02 argadeed
to an external ,trgnsin ance 30 l.i fier ot sh .t | b
e e P RS RERY BB PRI Hhdigh, SPEeE R by, e i
anpl i fi ed psddutal byl the btbld i0 aind >N 43r iaBefpreamd afier thd bubiblesibipusizd ovho the

anal yzes th signal . To redyce the nunber cabl e connecti ons,
mul ti dloexis\’l‘g“cﬁ’a‘bgf}‘éas{‘ig‘i&d’fi’tﬂmﬁjF’@P‘?}r"él,“eéf %?H“&&& of fset vol tage may be

gddﬁd L o Qﬁhitl] afgﬁ}d i el_e;bv&lempﬁnagfsglﬁaﬂn. tlhér miA@ @feacs?aidemhmgame@ﬁﬂfeo

e higher than the typica I gn evel . Sl rqQcessor .t

suf fi ci entca‘é‘%rﬁplloilﬂésetee@%‘irﬁtlﬁbﬁmﬁﬁ‘ﬁ GERER *%@r{f‘?gefnﬁg‘f‘%eﬁgo ' iSBWWeéugh
this of f sgliowiP itad Befode 6NRE- ARl budBlkds ERIOT [seEaluig 1203 0VMTteAthe

cavitation sensor 902 being configured to nmeasure_cavitati QI%. A front
vi ew 904 Asser-ipduged bubhleimragtgd gﬁe%angw) the sensing element 1206. The top row

15 in Figure 12 shows images taken from the camera 1010, i.e. a side view, while the bottom
row shows images taken from the camera 1008, i.e. a top view. The dotted white line
denotes the position of the boundary where the sensor is located. The images in each of
the columns 1202 to 1210 refer to a same time interval.

[0115] The images, in the first column 1202, show the moment before the bubble is

20  created. The bottom image shows the electrodes geometry of the cavitation sensor.

{0116] The second column 1204 shows after a bubble is created. The bubble reached its
maximum volume in the third column 1206, after which the bubble started to contract.
The bubble reached its minimum volume in the -fdufth column 1208 at FleZué _ahd
during its re-expansion, the bubble boundary moved from a negative to a 'piositive

25  electrode, at t=196us, as seen in columns 1208 and 1210 respectively.' The video was
captured at a frame rate of 250,000 frames per second and an exposure time éf I ps.
Since the oscilloscope 1014 (see Figure 10) sampling rate is faster than the cameras 1010
and 1018 frame rate, the moment at which the peak 1104 (see Figure 11) is prodl_lced :
occurs between t=192us and t=196us after the bubble is created. The advantage of laser-

30  induced bubbles is that virtually identical bubbles can be produced; allowing repeated

assessing of the sensor signal trace 1102 (see Figure 11). In a second test performed with
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[0108] The cavitation sensor 902 is nmounted in a traversable

hol der. 908 and connected to 10 a current anplifier (not shown). The
signal 910 fromthe cavitation sensor 902 can be di splayed using an
osci | | oscoYR2W39505320109] The cavitati on sensor 902 hasPEI/§HHEY000397
substrate 916 upon which is a sensing elenent 914. From both the
front views 904 and 906, it can be seen that the cavitation sensor
902 is secured to the hol der 908 through a M4 stainless steel
hexagonal screw 918 15 runni ng through a hol der cover 920 to be,
recei ved typubblef thesame sige end sgparated Hielserae distapcet fran His|sgrser, agpgak with a

El ect 11 Caloflth 3o bP02BUboAlmh{& (L AMHEAAS Rikcldd® Cavitalion sensor
902 is thfbug a pair of M3 stalnless steel hexagonal screws 928. BNC
posi tive d0d7h&uleitheinkintios hgpbeen particularhy shoavnsand elgecribeBwith refersnce to

t hrough t t | &: T e
924 is cogﬁ%ﬁée%?‘gog %géﬁ%’ gh&gg@e %%@?@Rgmgég@fsﬁéggg%& ch%h g-l)'g H&Eﬁ%}h
speed dur chatgeqimplorhiagd do@0 may Henmader thereinnwigdone depading Heono shei spirgswdpe
912. From_t he ci.ll oscope, 912.. detecti f cavitation.hubbl es-b
the sonal REtE oL RE bV BRGPRCcRAG i S SRl Pln€ ik 3op B BUARIef o

[0110] Fi guisendihtahiopnthe apsambdahelhinG sl al rhargpe whith Rbms etithin the nieasihg a
cavitation sensor. 1002 25[.0111] In Eigure.10 he cayitation sensor
1002 1's. B RR O VR et e QIO A Eige B P HE s ensor | 1002
signal to bubble dynam cs, a bubble induced by a pulsed | aser beam
1006 is created in the vicinity of the cavitation sensor 1002.

Si mul t aneous hi gh speed video of the | aser-induced bubbl e expandi ng
and col l apsing on top of the sensor 1002 is captured using high speed
vi deo canmeras 1008 and 1010. Light sources 1014 and 301016 are used
toillumnate the area where the bubbl es were induced. 101121 The
sensor 1002 signal is sent to a current anplifier 1012 and recorded
in a LeCroy oscilloscope 1014. Both the recorded signal and the high
speed video are conpared to eval uate the nonent at which a signal

1018 is produced fromthe cavitation sensor 1002. 5[0113] Figure 11
shows a sensor signal trace 1102 fromthe cavitation sensor 1002 (see
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Figure 10). The sensor signal trace 1102 has a negative peak 1104 at
around t=193.57tts, corresponding to the nonent the bubbl e inpacted
onto the sensor 1002 negative el ectrode and expanded to the positive
el ectrode. The neasured potential of the signal produced by the
bubble is around -0.43 V. Before and after the bubble inpacted onto
the 10surface, the neasured potential signal value is around OV.

[0114] Fi %e%ﬁ‘sshom still inmages fromthe high speed video capture
taken by t ra 1010 (see Figure 11) and the canera 1008 (see
Figure 11). The still imges shown depict before the |aser-induced

bubble is created (see columm 1202) to after the |aser-induced bubble
i npacted (see colum, 1210) the sensin enent 1206.. The .top row 15
in Figurelli2 s ofﬁé’ltf’tf?&g%e'?gqra%é rf‘%fef%‘?ﬁ gﬂg’lleéa’r?e? diayly ghe cavdtatiop senger
view, while the bottomrow shows i mages taken fromthe canera 1008,
i.e. a top"WEWE The dotted white line denotes the position of the
boundary where the sensor is located, The inages in each of the
col utm$ 1202 t dsupsaase havfngandpsulativespsfass; ad j nterval . [0115] The
i mges, in the first colum 1202, show the nonment before the bubble
is 20 creat ed. 2TRECTHIE tBRNFMEGe PEORBIRS ophy withie tthe dnsslageosataps obfthe he
cavitation sensor. [0116] The second col um 1204 shows after a bubble
i s creat edubstie Bhaseinche elaetinde arrprgemaRt FAMANGES LB clecratle amAia el um
1206, after which the bubble started to contract. The bubbl e reached
i ts mini malertiask bpag isplated dronpesch pthediyihningigye serface, rach efshediat adtheng
its re-expansion, the bubble boundary noved froma negative to a
' posi ti ve secpad elpeitode goreprisiig & se9gng Bortiens vhewin the spasingrbaiyves? 0@ sairengl 210
respectively. The video was captured at a frane rate of 250, 000
f r amesi0pe postier ohdie &irst claeiraglz pod e eensingworion of [he secosil pleeradhés adapted to
oscill oscope 1014 (see Figure 10) sanpling rate is faster than the
caner as 1616~ ahatgd Gb& betsween et Eist elvetrodsnandt that seedgmdctledttode pewted 104
(see Figure 11) is produced occurs between t=192tts and t=196lts
af t er t hechutetidreocegrigg etahegtnsiihporachzant age of | aser- 30i nduced
bubbles is that virtually identical bubbles can be produced; allow ng
repeat ed asseswshargn e {ehgngemsion of ihgrfabt dlacaode dlGRe (eneiag Pogion of 1HE) .
In a second test performed with a bubble of the sane size and
separ at ed séchad danedehstcanfgrdéd wnemiie saansoy relaaive eake vabishate, tpdetecita al
val ue of -0.48V occurring at t=193.48nms was detected. [0117] Wiile
t he i nsenthange i shebedocigastt ligud dlolwyngs paaxite] am dhed asetidd @drfant: twhere the
reference to

electrode arrangement is provided on.

2, The cavitation sensor of claim 1, wherein the electrode arrangement is a layer

having a thickness of around 300nm.
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specific enbodi nents, it should be understood by those skilled in the
art that various 5 changes in formand detail may be nade therein
W t hout departing fromthe spirit and scope of the invention as
def ned by the appended claiths. The scope of the invention is thus
i ndi cated by the appended cl ains and all changes which come within
t he meani ng and range of equival ency of the clains are therefore
intended to be enbraced. CLAIMS 1. A cavitation sensor for
detecting bubbles in a liquid, the cavitation sensor conprising: 5-a
subst r at e 3havi ke eayithtpnuieator wé cleims hee 2, #hefein the senging epwien rohdlee first
arrangenment provided on or within the insulative surface of the
subst r at e glegiuie ahdh the ensaigertiop @éthg secandelptitede eashpempiss agtrip r st
el ectrode and a second el ectrode being isolated fromeach other by
the insul ative surface, each of the first and the second el ectrode
conprising a sensing portion, wherein the spaci ng between the sensing
10 porti od. of Theecavitatmn seiseceicbde 3anbereihthessipsifiee frotraldcondedias timend
second el ectrode is adapted to all ow charge fl ow between the first
el ect r 6de vantl it hec sbgeddwhile bt sogeolcthe seund ylectende that ko rnd deu pardialy at
t he sensing portion; wherein the sensing portion of the first
el ect r ode sanohntidibe gisnshiapgyl qndrof ithe firo tlctthele sefoond calokchapede ar e
configured to remain stationary relative to the substrate, to detect
a 15change in the velocity of liquid flowng parallel to the
substrate surface where the el ectrode arrangenent is provided on. 2.
The cavi t at i onTiseasattionf sefdoRioficlim Wh evhedein thBelise! shaied agle has handesrent
is a layer having a thickness of around 300nm

around 0.2mm and the crook shape has an inner radius of around 0.25mm.

10
6. The cavitation sensor of any one of the claims 3 to 5, wherein the strip of the first

electrode and the strip of the second electrode each have a width of around 0.1mm.

7. The cavitation sensor of any one of the claims 3 to 6, further comprising a tapered
15  portion formed by the spacing between the strip of the first electrode and the strip of the
second electrode tapering towards the corresponding end of the first electrode and the

second electrode.
8. The cavitation sensor of claim 7, wherein within the tapered portion, the spacing

20  between the strip of the first electrode and the strip of the second electrode ranges from

about 1um to about 300um.
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el ectrode and the sensing portion of the second el ectrode each
conprise a strip. 4. The cavitation sensor of claim3, wherein the
strip of the first electrode has an end 5which is disc shaped, while
the strip of the second el ectrode has an end that partially surrounds
t he di sc shaped end of the first electrode to forma crook shape. 5.
The cavitation sensor of claim4, wherein the disc shaped end has a
radi us of around 0.2mm and t he crook shape has an inner radius of
around 0.25mm 10 6.  The cavitation sensor of any one of the clains
3 to 5, wherei % HEitaiopsenses ofiahe opg oidhe dpime Brte §eVhasen thestrip otiths {pt ¢ he
second el ectrode each have a width of around 0.1mm 7. The

cavi t at i offlesiEns dypamllehinyheotdp offthg sseondielgeifgdes to 6, further conprising
a tapered 15 portion fornmed by the spacing between the strip of the
first electrode and the strip of the second el ectrode tapering
towards the corresponding end of the first electrode and the second
el ectrodel0.  Bhe cuybatioa\sersar porlaigefswherait thel strimefrthe firs elsptrodgiandithe t he
tapered portion, the spacing 20 between the strip of the first

el ect r 6de sEndf theecoond placteside 1shipacsd atpned @PZemepde ranges from about | um
to about 300um electrode is parallel to the strip of the second

el ectrode. 10. The cavitation sensor of claim9, wherein the strip

of the first electrode and the
11. The cavitation sensor of claims 9 or 10, wherein the ratio of the space between the

strip of the first electrode and the strip of the second electrode; and the width of the strip
of the first electrode and the strip of the second electrode is any one of the values of 1,

10 1.5,1.75 and 2.

12.  The cavitation sensor of any one of the preceding claims, wherein the electrode
arrangement comprises one or more arrays, each array comprising one or more pairs of
first electrodes and second electrodes.
15

13.  The cavitation sensor of claim 12, wherein each array comprises

a first common terminal to which each of the first electrodes of the one or more
pairs are coupled; and

a second common terminal to which each of the second electrodes of the one or

20  more pairs are coupled.

14, The cavitation sensor of claim 13, wherein the pairs of electrodes are arranged

such that first electrodes and second electrodes alternate with each other.
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5strip of the second el ectrode is spaced around 0.05mm apart. 11.
The cavitation sensor of clainms 9 or 10, wherein the ratio of the
space between the strip of the first electrode and the strip of the
second el ectrode; and the width of the strip of the first el ectrode
and the strip of the second electrode is any one of the values of 1,
101.5, 1.75 and 2. 12. The cavitation sensor of any one of the
precedi ng clainms, wherein the el ectrode arrangenent conprises one or
nore arrays, each array conprising one or nore pairs of first

el ectrodes and second el ectrodes. 15 13. The cavitation sensor of

claim12, erein each array .c i, ses a first common term na
to which éﬁ@h g%e?vgﬁ¥Pfgsmé#§€¥$6 es of the one or nore pairs are
coupl ed; and . second co n rmnal to which each of the
Ceend el act r ot fisGRENT ST ad 5 DR perRmd el e gl
cavitation SﬁQ?Or gf claim 13, wherein the pairs of electrodes are
arranged SHEHFHRHENPIFLt el ectrodes and second el ectrodes alternate

wi th each ot her . . The cayitation sensor of claim14,
whereinl t he fiWE‘ErmBékfﬁ]-F%ﬁt af‘@F??P?fﬁ?lecérﬁﬁestaﬁee“?éﬁmra&lmﬁhtomaﬁgl are
arranged parallel to e%ch oéher, )

- wherein the first and second electrodes are arranged perpendicular to the first

common terminal and the second commeon terminal.

16.  The cavitation sensor of any one of the claims 13 to 15, wherein the first common
10 terminals of a first array of the one or more arrays and a second array of the one or more
arrays are coupled together, or wherein the second common terminals of the first array

and the second array are coupled together.

17. The cavitation sensor of any one of the claims 12 to 16, wherein the distance
15  between adjacent electrodes for one of the one or more arrays is different from the

distance between adjacent electrodes for another of the one or more arrays.

18. The cavitation sensor of any one of the claims 12 to 16, wherein the distance
between adjacent electrodes in all of the one or more arrays is the same.

20
19. The cavitation sensor of any one of the claims 12 to 18, wherein the maximum
distance between adjacent electrodes for the one or more arrays is about less than half of

the diameter of the bubble to be detected.

27



5-wherein the first and second el ectrodes are arranged parallel to
each ot her, and wherein the first and second el ectrodes are
arranged perpendicular to the first common term nal and the second
common termnal. 16. The cavitation sensor of any one of the clains
13 to 15, wherein the first cormon 10 termnals of a first array of
the one or nore arrays and a second array of the one or nore arrays
are coupl ed together, or wherein the second common term nals of the
first array and the second array are coupl ed t oget her. 17. The
cavitation sensor of any one of the clains 12 to 16, wherein the
di st ance be .adj acent el ectrod for _one of the one.ar nore
arrays s 0 r SPERERY BT ShE et B iselE aftimb M BRE £ B  or
anot her of the gne or noreﬂa%ggyg. The avitation.se§§
Whef

8. f
one of t hdeBieat i S meorio fohlPrioodiott R e SR afbedim ™
| ectrod [ .l of t ! [ h . 20 19. Th
oot ool ool B Rl SRR S 20, e T
maxi mum di st ance between adj acent el ectrodes for the one or nore

arrayssis about less than half of the diameter of the bubble to be
det ect ed. 20, The_ cavitation sensor. of any one of the precedin
claims, wierei A% FRILIRISERGT BQT‘\Xe"é‘ﬁ of e ReesRding glajsesy W&‘Brﬁmc}Pe PPRETY st
el ectrode and the sensing portion of éhe second el ectrode is snaller
than a di &PASNErPCBYCCR t15RYRE PRSUYLOIHRE SE Blgotroge and theprpsingzRprtoRtqf ghe
sensor of any one of the preceding claims, wherein the maxi num

spaci ng bé?ﬁ%%ﬂﬁgﬁ@e§@ﬁgﬁﬂﬁsBBPPﬂgﬁf@Fd@ﬁ@“?P?@FbgﬁﬁﬂppéégmaﬁH t he
sensing portion of the second el ectrode is about |ess than half of

t he di aneter of the bubble to be detected. 1022. The cavitati on sensor

of any one of the preceding clainms, wherein the sensing )
10 22.  The cavitation sensor of any one of the preceding claims, wherein the sensing

portion of the first electrode and the sensing portion of the second electrode are provided

on a common plane.

23.  The cavitation sensor of any one of the preceding claims, wherein the substrate

15  comprises glass.

24.  The cavitation sensor of any one of the preceding claims, wherein the electrode

arrangement comprises any conducting material.

20 25.  The cavitation sensor of claim 24, wherein the conducting material comprises any

one or more of gold, platinum, indium tin oxide and titanium.
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portion of the first electrode and the sensing portion of the second
el ectrode are provided on a common plane. 23. The cavitation sensor
of any one of the preceding clains, wherein the substrate 15conpri ses
glass. 24. The cavitation sensor of any one of the preceding clains,
wherein the el ectrode arrangenent conprises any conducting nmaterial .
20 25. The cavitation sensor of claim 24, wherein the conducting

mat eri al conprises any one or nore of gold, platinum indiumtin

oxi de and,kita 6 | f . f th

or eced: ng 251 ar ot Bhjaid) Sﬂﬂ@%éféﬁﬁ}!gﬁ%‘? %%r ?%ﬁﬁ%f%f'ﬁ?%e%'ﬁ‘f o sehlife
arrangene u at,i u ce of &he bstrate
While at rﬁéré Sﬁ og{h%\éire?v?(%lﬁ O?&g{%ﬁent] romd ecrm t?)lf: mslg at1v surf ce 05213 substrate,

arr angemnent Vld n_t.h ul surface of t

subst rat . el 1033".4115&%%“&@85%? Belrih et fine i ¢ o
furth S rther |nsulat|ve | ayer, wherein the

senS|ng ngﬁ dﬁg%?‘Fﬁg @F@%?ﬁgﬁg ‘arrangement is provided on the

i nsul ative surface of the substrate, while the further insulative

| ayer Ps provided on at |east a portion of the remainder of the
electrodez}Oar&E

v1tat1o¥1 sensor of any one of the claims 1 to 25, further comprising

a further insulative layer, wherein the sensing portion of the electrode
arrangement is provided on the insulative surface of the substrate, while the further
insulative layer is provided on at least a portion of the remainder of the electrode

10 arrangement.
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