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The invention relates generally to apparatus and nethods for controlling

the flow of fluids. Mire specifically, the invention provide
apparatus and nmethods for punping a fluid across an apertur ejm’mmm||"|m”|‘ﬂll
wal | enclosing the fluid. The invention may find use in a rﬁCropq[‘gplsgguc as
m ght be used to di spense pharnaceuticals or other fluids, in ink’jét 10

printers or simlar apparatus, or in other applications. Many g
punps have been devised to transport a w-de-variety of I|iqui dﬂmwgmmﬂmm
punps i nclude noving parts such as pistons and val ves. These

are problematic, though, and particularly in mcropunps. Very snalq0ogrt s

are difficult to fabricateL RygIpSBESEIRONRTUNMP Yyis@sRbl e to wear and
failure in use. Mcropunps wth no noving parts have been proposed. Sone of

t hese use ultrasound and have capacities on the order of a fewmcroliters
per mnute. O her proposal dj d in which fluid
_flow occurs through the %Eﬁ@ﬁ@r%ﬁ%ﬁ B‘W@B’ﬁﬁ@i‘% within the fluid,
20 along with sel ective conveyance of the fluid, urged by the bubbl es’
expansi on. | n dite siisensign, relatesougenerallyr docrappa@tig taned f mathodRr dagh
-2 the selective application of heat created by the transm ssion of

el ectri calconitroléinig ther fowhoft fheidsl. eMorecspecifosalbt, ahecinvention protiides Dlockl
punps are very much in their early stage of devel opnent, though, and there
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wall enclosing the fluid. The invention may find use in a micropump such
as might be used to dispense pharmaceuticals or other fluids, in ink jet

10 printers or similar apparatus, or in other applications.

Many different pumps have been devised to transport a wide variety
of liquids. Most such pumps include moving parts such as pistons and
valves. These moving parts are problematic, though, and particularly in
micropumps. Very small parts are difficult to fabricate and assemble, and

15 vulnerable to wear and failure in use.

Micropumps with no moving parts have been proposed. Some of
these use ultrasound and have capacities on the order of a few microliters
per minute. Other proposals have been directed to pumps in which fluid
flow occurs through the controlied formation of bubbles within the fluid,

20 along with selective conveyance of the fluid, urged by the bubbles’

expansion. In one such pump, the bubbles are created in the fluid through



m cropunps, and particularly for applications such as the delivery of
phar maceuti cal agents. Such punps be of sinple construction with few or no
novi ng parts. The punps should be reliable in operation, and provide for
preci se flow control of fluid noving through the punp. These and ot her 10
advant ages are provi ded by the apparatus and net hods described in this
docunent. These and other features of the invention can be appreciated nore
fully by reference to this witten description and the figures that
acconpany it. 15 SUVMARY OF THE | NVENTI ON2The i nvention provi des nethods
and apparatus for punping or urging quantities of fluid through an opening
in a wall thBagele@nbd NgHItdRIIH biahéatdcrddien BybuRbheah dnasdibii &F eRIkARSES
in close proximty to'the surface of a wall, a fluid jet is fornmed and
directed int he b la in L i.on .20 [ 1. This jet wll
frequent | f}lrg%ré)teﬁlarioﬁgg%u%%énelce%rt\%f:?fgéhss}&laﬁj Cteh(gefoi\flr}aeuﬁbl\,{@penet rate through the
bubbl e and i npact on the opposite wall, [f an. -3 _opening is_provided in
the wal | wher e XU jRUMD$H AEE sVee MEFH, 17 WiQieIF rRanly r $agsf of revelepmenst
will urge a quantity of the fluid through the opening and outside of the
wal | . Thi shpughgiapicetinere isi adlissact megd, fornthw devgoppseritoof diespepparnatus
control |l ed doses of pharmaceuticals or other liquids with a 5 high degree
of epntroland NnestdoeRbOIrNEIHe @oR&idlled plespipdessi Fididsel @%ééiﬁﬁ#r in
contact with the fluid, with each el ectrode connected to a source o
di fferent ' ent. al n r [ ed. t.hrough. uid
bet ween tﬁlgicgﬁé{é%deg?hr g}s&#rgltcg}]%ﬂﬁhgogﬁiarﬁgﬂ %Cr? tﬁ]@% %au@%s%@ggw &J
boiling and thus the 10 formatjon and expansi.on of a bubble. within_the
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operation of a switch,

no moving parts. The pumps should be reliable in operation, and provide

for precise flow control of fluid moving through the pump. These and other
10 advantages are provided by the apparatus and methods described in this
document. These and other features of the invention can be appreciated
more fully by reference to this written description and the figures that

accompany it.

15 SUMMARY OF THE INVENTION
The invention provides methods and apparatus for pumping or
urging quantities of fluid through an opening in a wall that confines the
fluid. When a bubble in a fluid coliapses in close proximity to the surface
of a wall, a fluid jet is formed and directed into the bubble in a direction
20 toward wall. This jet will frequently, depending upon conditions in the

fluid, penetrate through the bubble and impact on the opposite wall. If an



or by other appropriate neans. In this enbodi nent, the el ectrodes are

di sposed on either side of the opening, so that the bubble will be forned
on one side of the wall in close proxinmty to the opening. Wen the bubble
15 col | apses, the resulting fluid jet will then urge a quantity of the
fluid through the opening in the wall. _ BRI EF DESCRI PTION OF THE
DRAWNGS Figures 1 ato 1 i are sequential illustrations depicting the
results of a 20 nunerical sinmulation illustrating the formation, expansion,
and col |l apse of a bubble in a fluid in cldse proximty to the surface of a
wal | . -4 Figures 2a to 2d are sequential illustrations depicting the

formation, tp%i‘n'?ﬂgsiisogroﬁagdcﬁ’#tﬂgsﬁ waﬁe?é’bcﬁle e'tnlrgpl 1'# el %8110§ﬁ6ﬂ the

proxinmty to an“openhing in the sur ace 0 produces qu I d

jet to urge a ti fluid throu opgni re is

seni - sche%ﬁ’fqe 8r%ﬁ é‘gﬁfﬂ%tnwe]il HJr&eogsq%%%th’oﬁ?gp ﬁBh‘F gpﬁ%ug oPHFﬂngand
expanding a bubble in a fluid in close proximty to an opening in the
surface ofng gutsiderpythe walliepikissPencEnp gapyeind Wsahedh umicspEUBUDY| es
are formed and collapsed in proximty to nultiple holes in a wall surface.
10 DESCRI Fdt disfidndibHe cSHrERRERI S0 RN adeaiticatenin othart liuikds with a
know edge gai ned through the study and sinulation of the formation and

col Isapse q»{lgjq 88 ofichRitFbla surroundi ng fluid. Bubbles expanding in a
fluid typically have a very nearly spherical 15 shape throughout their

expanst on. et (5, iDL ainEsl SR o Hae PO B EEAaE AR R
formation ﬁe fluid, with each electrode connected to a source of different electrical
potential. When current is conducted through the fluid between the
electrodes, resistance heating in the fluid causes local boiling and thus the
10 formation and expansion of a bubble within the fluid. Current flow
between these electrodes may be controlled, e.g., by operation of a switch,
or by other appropriate means. In this embodiment, the electrodes are
disposed on either side of the opening, so that the bubble will be formed on
one side of the wall in close proximity to the opening. When the bubble

15 collapses, the resulting fluid jet will then urge a quantity of the fluid

through the opening in the wall.

BRIEF DESCRIPTION OF THE DRAWINGS
Figures la to 1i are sequential illustrations depicting the results of a
20 numerical simulation illustrating the formation, expansion, and collapse of

a bubble in a fluid in close proximity to the surface of a wall.



col | apse of bubbles near a solid wall. Figures 1 ato 1 i depi.ct, in
sequence, the results of a nunerical sinmulation illustrating the formation
and col |l apse 20 of a bubble 10 in close proximty to such a wall 12. Figure
|l a shows the initial formation of the bubble. Figure 1 b shows the bubble
expanded -5 somewhat, Fig. Ic shows further expansion of the bubble, and
Fig. Id shows the bubble near the peak of its expansion. Note that in Figs.
1 a-1 d, the shape of the bubble is very nearly spherical. Figure 1 a shows
t he bubble 10 beginning to collapse. Figurle-1 f 5 shows the bubble
collapsing further. As Fig. 1 g indicates, and as can be seen still nore

clearly in Fi gFiflised D toobdapei Mmﬁlmmén@%gﬁ@ﬁﬁglt@@' for¥AH t§éh,
| eads to the formation of a high-velocity fluid jet 15 dirécted toward the
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illustrat es er appr opfr e condr rons the je

bubbl e (there f.ormi ng a toroidal bbl e and contl n on to |rrpact
agai nst t RECRHIE 1Ny g'?% Jrfes §’ft9p%(agcc‘ﬁlr‘ R FOHUSEP R u‘élr &t 19 WEdSyieng
size. Such effects have been observed in bubbles created in underwater
expl osi onguanityiifghet flraichtineiugh theopanit® or der of about ten neters in
di aneter. The 15 sane effect has been observed in sinulations of nuch

smabl er bubbl eFigwrey. 3 Hubhkl esémvisttethati®t dhgst@atiohe ohdeyroes-sketivhenoone
and ten mllinmeters. The physi cal behavi or of the bubbles and fluid jets

are generg Stud fcﬁIfJﬁ{ égﬁ Wiy r i

for such cgiﬂr ari se m§| nll thro h the e%tlBect Sl@?) als:)‘lf}r gégnﬁgﬁgrﬁgﬁx&rﬁ?

t he 20 patrcular fluid cﬁh bles are forned. These effects are
observed BHER PR BELH E,Qe 8%‘“15&5 in liquid, and for bubbles filled

Figure 4 depicts an embodiment in which multiple bubbles are

formed and collapsed in proximity to multiple holes in a wall surface.
10
DESCRIPTION OF THE PREFERRED EMBODIMENTS

The invention utilizes knowledge gained through the study and
simulation of the formation and collapse of bubbles within a surrounding
fluid. Bubbles expanding in a fluid typically have a very nearly spherical

15 shape throughout their expansion. When the bubbles collapse, though,
non-spherical shapes are frequently observed.

This invention is particularly concerned with the formation and
collapse of bubbles near a solid wall. Figu.res la to 1i depict, in sequence,
the results of a numerical simulation illustrating the formation and collapse

20 of a bubble 10 in close proximity to such a wall 12. Figure la shows the

initial formation of the bubble. Figure 1b shows the bubble expanded



-6 with fluid vapor in the liquid fluid. The behavior of the jet may be

i nfluenced by the direction of the gravity vector operating on the fluid.
For small bubbl es, though, these gravity effects are generally very small,
and may in fact be negligible in many applications. 5 Apparatus may be
configured to exploit this behavior for the transport of a fluid across the
solid boundary of a wall. Figure 2a illustrates the formation of a smal
bubble 10 in proximty to a solid wall 12. In this illustration though, a
smal | opening or hole 17 is formed in theSnall close to the bubble's
formation site. This hole is small enough so that 10 surface tension and

vi scosi ty dondwiBaf, Wig peevRolvs! Aakage &fpdiiohl Bf dhiehbetie t Badhetig. urder
ordinary conditions so that fluid is thereby retained inside the wall.
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that the inven and ind use even wt "l'argée’to
retain flujd behind. the urely by surface tension. 15 Sone

appl i cati 5h§ ﬁ?‘t%,pef%%{flﬁ B%&?b%% V%F)z/lnﬁ%gﬁ §RIGE2lt han those contenpl ated for
use in this particular enbodinent. Fi%ure 2b shows the expanded bubble 10.
Fi gure 2c showdighee bishisheves dblel bpdble ahd béginningi tb jasllapsei niggiraglon

t he bubbl e opposite the opening in the wall. As Fig. 2d illustrates, notion

of the j etshiowsatlls Ribisledcstigpsiag flicheal |A§jFE%I 3 gaAircBE4A@Ris) agidbaki ¢an Ae t he
fluid through the hole 17. The fluid may thus be ejected through the wall
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formed, expanded, and collapsed in"the’fluid in cloSe proximty to
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directed toward the wall 12 from the side of the bubble opposite the wall.
As Fig. 1i illustrates, under appropriate conditions the jet will penetrate the
10 bubble (thereby forming a toroidal bubble), and continue on to impact
against the wall.

Jets of this type occur with bubbles of greatly varying size. Such
effects have been observed in bubbles created in underwater explosions, in
which the bubbles are on the order of about ten meters in diameter. The

15 same effect has been observed in simulations of much smaller bubbles,
e.g., bubble having diameters on the order of between one and ten
millimeters. The physical behavior of the bubbles and fluid jets are
generally similar for large and small bubbles.- Differences in _hehavior for
such cases arise mainly through the effects of surface tension within the

20 particular fluid in which the bubbles are formed. These effects are

observed both for bubbles of gas bubbles in liquid, and for bubbles filled



carried or punped through the wall in a controlled manner. 5 Bubbles can be
formed in a fluid in a wwde variety of ways. Bubbles nay be generated in a
fluid, e.g., by applying ultrasound to the fluid, by electric sparks
created within the fluid, by heating the fluid to cause |ocal boiling or
vapor formation, by focusing a | aser beam or another source of directed
energy into the liquid to nake the liquid boil, by e ecting a gas into 10
the fluid, by explosion, or by any other suitable nechanism Figure 3
illustrates one apparatus for creating and expanding a bubble near a hole
through a container wall. Figure 3 is a sem -schematic illustration of
appar at us wA@hf ahi€r eapémdnanhe! Bghid CRhidur M HdRwibh ¢t efetr e
conductive fluid to forma bubble 10 near a hole 17 in a wall 12. 15 A
first ele ' j ik by i tio . ot |
12" on one BRERSEA HhEoRE PGSRATLE P dritficy kool ELOMETRIA BolD
with the fluid . a qggonn cted to a ground 25 or a source of negativ

el ectri calsr‘b%ﬁekﬂfnli’ s, thoug oﬁg‘eéFe%ﬁaP’HHee aClissaro &ePerY Visiy $hall, and
fluid~ear the wall 12 on a side of the hole opposite the first el ectrode.
The secondnay ielfect bedegligibleso mamy epphcatadnsont act with the fluid, but
is connected through a switch 30 to a positive potential source 33. g
Wiers t he swi t ciAthrasuonmay Bkezohifipire@urtoerixpldieshisirioelgdiviohe for the
electrically conductive fluid. Resistive heating in the fluid causes | ocal

boiling a o] i an;of b - n fh-Ui ite r

bet vveeg t&gar%’%ﬁ%{t éﬁ%t?gﬁg %%%%d%ﬁe@é%oﬁgngdgﬁrgg? Zgaglh elFt er ?lddg
of 5 the hgle 17. ch.electrode is t on, a .post _ar _.anqt her structure
Phat | ocatuSihbes B dpEmetiar 6 i Sl P ipah dBontgSmiEitbne el wai

| deal Iy, the posts that support the el ectrodes should be electrically

i nsul at ed 1$o {mahig illpepatign thougiv a sralyerenng ogikplgi Yeds formed iaehe he

two el ectrodes.
wall close to the bubble’s formation site. This hole is small enough so that

10 surface tension and viscosity in the fluid prevent leakage of the fluid
through the hole under ordinary conditions so that fluid is thereby retained
inside the wall. Small holes are advantageous for this reason. It should be
noted, though, that the invention will work and may find use even with
holes too large to retain fluid behind the wall purely by surface tension.

15 Some applications may feature holes very much larger than those
contemplated for use in this particular embodiment.

Figure 2b shows the expanded bubble 10. Figure 2c shows the
bubble’s collapse, and the liquid jet 15 impinging —on the bubble opposite
the opening in the wall. As Fig. 2d illustrates, motion of the jet towards

20 and against the wall ejects a certain quantity of the fluid through the hole

17. The fluid may thus be gjected through the wall by ejection in response



It should be noted that Fig. 3 is sonmewhat schematic in nature, and not 10
necessarily to scale. The el ectrodes and posts should ideally be fairly
small relative to the size of the bubble, so that the presence of these
structures will not interfere unduly with the normal dynam cs of the

bubbl e's formati on, expansion, and coll apse. Once forned, the bubble wll
continue to expand at the location of its 15 formation near the hole. In
the figure, the bubble's expansion is indicated by the broken |lines
surrounding the solid-line illustration ef7/ the bubble. When the bubble
reaches its maxi num size and then coll apses, the resulting fluid jet forces
a quantityoof fhi1g jbt eréadelr @Ueh ANubElkeist Rridiel, OBRAMA&],SARE . cdBaRRarRf | Ng
the switch appropriately, the flow of fluid 20 through the hole can be

control | ed,wi £h. gr Cl Sk OF - at us LS,:Lype IS .
aavant agedle MBIEIaRhG ORIy, o s R St PRE RO Froproling.
of this type that relies on the faormation and col |l apse of bubple in a fluid
pot enti al tgﬁﬁ%r%teawerlyuw@an foaBpabARe Gt"iH?é‘,S“élPor?@“ﬁ/ictOZIWBsra Hidcan &g
rates achieved through the rapid formati on and 5 col |l apse of bubbles in the

fluid. As camriedanppemped tnpiughetipe sedss afcordroli¢d omangeowt h, col | apse and
jetting may take place in about 0.2 mlliseconds for a bubble with a

maxigrum r adi us mibiBleeWarPbe frtddd i e fluliy Dwhbk eareal) dewhyedugadbaid
collapsed in a very short tinme, allowing a favorable conbi nation of

signifi Ca%a%tgé"’g%ﬂknﬁte}ﬁi fri‘.a"ﬁ'[;Y%,gEg%,Lz)Sra%h@S’ziég ﬁﬁ%é&ﬁdnd HLOhe! iyt es

can be achie tiplying t gure 4 depicts an

enbodi ment .in which multiple bybbl 10 are forned d,, and col l.apse
oo it i dropeari cresd ithon Shel T,y Hittiis Shbdntd BREASSpARRAD
will generally be paired with its own apparatus 15 for form ng a bubble
near the Meikng nrsvaper fugnatipad bybinralsieg ¢h lastbbeam or another source of

directed energy into the liquid to make the liquid boil, by ejecting a gas into
10 the fluid, by explosion, or by any other suitable mechanism.

Figure 3 illustrates one apparatus for creating and expanding a
bubble near a hole through a container wall. Figure 3 is a semi-schematic
illustration of apparatus 20 for creating an electrical current flow in an
electrically conductive fluid to form a bubble 10 near a hole 17 in a wall 12.

15 A first electrode 23 is provided within the fluid at a location near the
wall 12 on one side of the hole 17. The first electrode is in electrical contact
with the fluid and connected to a ground 25 or a source of negative
electrical potential . A second electrode 28 is located -within the fluid_near
the wall 12 on a side of the hole opposite the first electrode. The second

20 electrode is also in electrical contact with the fluid, but is connected

through a switch 30 to a positive potential source 33.




collapse will give rise to aliquid jet directed toward the hole, and this
jet will drive a small anmount of the fluid across the wall through that
hol e. The apparatus for form ng the bubbles nay use el ectrical resistance,
as in the enbodim.nt described above, or it nay operate according to a

di fferent 20 principle. - 10 Exenpl ary enbodi nents of apparatus and

nmet hods for practicing the invention have been descri bed above. The
invention is not limted to these particul ar enbodi nents, though.

Modi fications, inprovenments, additions, a®d- alternatives will no doubt be
devel oped in the future by those of skill in 5 the art. In particular

al ternative or wHBHOMR SHRALS mﬁs%dﬁﬁek%%ﬁcép%&%ﬁtr %'okﬁ@gh?&‘igh the

formati on and coIIapse of the bubbles wthin the fluid, and those future

i nprovenents .are ed..as i n nd Wi t hi, n sane_in ent ve
concept s E Nk ERBASEHEE fuldy aES\‘g}leS%V?hBeBF Bl A" BBt ERR! on
shoul d not be determ ned prinaril the foregoing 10 exanples. Instead,
the true wakagAnd Hae frenatign Q éu ybibée dé&t dn nihe dluad,; %ﬁ sitebgeneradence
to the appended clains, along with the true scope of equivalents to which

t hose cl aibstweer tlhegﬁursityele@ﬁrbdb% and- thel se@iid R dthade 28 ohadittest siste &f 1.
A fluid punp conprising: a wall having an opening therein, the wall
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locates the electrode at some small distance away from the wall. Ideally,
the posts that support the electrodes should be electrically insulated so
that current will flow through the fluid directly between the two electrodes.
It should be noted that Fig. 3 is somewhat schematic in nature, and not

10 necessarily to scale. The electrodes and posts should ideally be fairly small
relative to the size of the bubble, so that the presence of these structures
will not interfere unduly with the normal dynamics of the bubble’s
formation, expansion, and collapse.

Once formed, the bubble will continue to expand at the location of its

15 formation near the hole. In the figure, the bubble’s expansion is indicated
by the broken lines surrounding the solid-line illustration of the bubble.
When the bubble reaches its maximum size and then collapses, the
resulting fluid jet forces a quantity of the fluid throug_h the hole to the

opposite side. By operating the switch appropriately, the flow of fluid

20 through the hole can be controlled with great precision.



10 wherein the opening is configured so that a collapse of the bubble forns
aliquid jet that urges a quantity of the fluid through the opening in the
wall. 2. The fluid punp of claim1l1l, wherein the bubble form ng 15 apparat us
i ncludes a source of electrical potential operable to conduct an electric
current through the fluid. 3. The fluid punp of _claim2, wherein the
bubbl e form ng apparatus further includes a first electrode in electrical
contact with the 20 first source of electrical potential and the fluid, and
wherein the first source - 12 of electrical potential is in electrical
contact with the fluid through the first electrode. 4. The fluid punp of

claim 3, wher elfhdieBUDbE QHIOTFHRIiS ARRABELSLEUI NSovRATR! ERP Bretesond

source of electrical potential different fromthat of the first "source of

el ectrical tent.i al d. wWherein the s nd sourge .of .el ectrjcal potential
Cs in el ecOPiEdl oVl el HROE LA piifhin OF BSRG g eliss ot ehE dgriiayon
wherein the bubble form ng 10 apparatus further conprises a second .

el ect r ode anl eplapse ehbukiederadluigd pofendiad plterscuvew bigh respensgtime,
potential and the fluid, and wherein the second source of electrical

pot ent i al dlsngmwitheutbstaakiat dluvacatesi athicked fthorodghhtheurgpitihfersedond and

el ectrode. 15 6. The fluid punp of claim5, wherein the bubble formng

appag at us dolipder off HHHLIEE Sind tB&V flgfll. DeA¥eaD SlarhBRSta W¥Inplett Nerddeksst of
el ectrode and the second el ectrode and its correspondi ng source of
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conpri si n%illiséclogﬁds for a bubble with a maximum radius of about one millimeter.
Many bubbles can be produced and collapsed in a very short time, allowing
a favorable combination of significant flow rates with very precise flow
10 control.

Higher flow rates can be achieved by multiplying the apparatus.
Figure 4 depicts an embodiment in which multiple bubbles 10 are formed,
expand, and collapse near multiple holes 17 in a wall 12. In such an
embodiment, each opening will generally be paired with its own apparatus
15 for forming a bubble near the hole. Just as described above, each bubble’s
collapse will give rise to a liquid jet directed toward the hole, and this jet
will drive a small amount of the fluid across the wall through that hole.

The apparatus for forming the bubbles may use electrical res—istance, asin ___

the embodiment described above, or it may operate according to a different

20 principle.



a wall having an opening therein, the wall configured to confine a fluid,
and neans for formng a bubble in the fluid near the opening in the wall;
wherein the opening is configured so that a collapse of the bubble 5 forns
aliquid jet that urges a quantity of the fluid through the opening in the
wall. 8. The fluid punp of claim7, wherein the bubble form ng neans

i ncludes a source of electrical potential operable to conduct an electric
10 current through the fluid. 9. The fluid punp of claim8, wherein the
bubbl e form ng nmeans further includes a filfOst el ectrode in electrical
contact with the first source of electrical potential and the fluid, and

wherein the firstemgii§efbodimehts %@'ap%w%rﬁ%@ﬁh'dafnétﬁoﬂ§ 16} ?ﬁ&éh@f’i‘}g the
cont act vvlth the fluid'through the irst electrode. 10. The punp of

claim?9, grei.n the b | e for ans further conprls congd,_source
of PPt ¢ 1BEPEBp iR PR Fes LR BRPER A PSR R R PIE R e
el ectrical potent| al ,. and wher ej the second source of 20 electrical

potenti al nasrttcwetemchtlgpe@énttheegh t Medidicatigng, improygmentsTieditiong,
punp of claim 10, wherein the bubble form ng neans further conprises a
second el eutd etternatietewtil irmatlonbhtwcdevdloped hin theclutdre dyr desef ofeslatlt ini cal
potential and the fluid, and wherein the second source of electrical

potenti al the am, elre hm@alalcgltéﬁeéuw bl ibfysrdvietl hebifisomaly beldveisiscd or
el ectrode. 12. The fluid punp of claim 11, wherein the bubble form ng neans

further compilsen,aiid el RehvEeR Blia 8asis anepabHbe bt sk ?ﬁh?é%?‘da "

t he secon ectr S correspondl ng source O electrica iral,

10 and wherein the switch is operable to ,cqntrol e conduct.i on
el ectric afthose qu ture 1mprovernen|%s are regardeg as ut1l1zr}ng an&I LBemg W1t in the

same inventive concept as the examples disclosed above. The proper scope
of the invention should not be determined primarily by the foregoing
10 examples. Instead, the true scope of the invention should be determined
primarily by reference to the appended claims, along with the true scope of

equivalents to which those claims are legally entitled.



current through the fluid. 13. A fluid punp conprising: a wall having an
opening therein, the wall configured to confine a 15 fluid; and a first
source of electrical potential in electrical contact with the fluid;
wherein the source of electrical potential is operable to conduct an

el ectric current through the fluid; wherein the opening is configured so
that the electric current flowng 20 through the fluid expands a bubble in
the fluid at a |location near the opening; and - 15 wherein the opening is
configured so that a collapse of the expahtled bubble forns a liquid jet
that urges a quantity of the fluid through the opening in the wall. 5 14.
The fluid punp of claim 13, and further conprising a first electrode in

el ectrical contact with the first source of electrical potential and the
fluid, wherein the first source of e|¢§¥ﬁ&ﬁ?| potential is in electrical
contact with the fluid through the fi ectrode. 10 15. The fluid punp
of claim14, and further conprising a second source of electrical potential
di f f er ent Whakig plimsid she first source of electrical potential, wherein
the second source of electrical potential is in electrical contact with the
fluid. 15 16. The fluid punp of claim15, and further conprising a second
el ectrode in electrical contact with the second source of electrical

potential and tihe flafigdid phehpiddrhpAsifeond source of electrical potenti al
is in electrical contact with the Tluid through the second el ectrode. 20

17. The fluid %u%lpfha%liﬁé rHriL%pe?l@HgftLHetrgﬁ{, ﬁ'?Mél?ié&Wdt ‘&? confine a
fluid; and
bubble forming apparatus operable to form a bubble in the fluid near
the opening in the wall;
10 wherein the opening is configured so that a collapse of the bubble

forms a liquid jet that urges a quantity of the fluid through the opening in

the wall.

2. The fluid pump of claim 1, wherein the bubble forming
15 apparatus includes a source of electrical potential operable to conduct an

electric current through the fluid.

3. The fluid pump of claim 2, wherein the bubble forming
apparatus further includes a first electrode in electrical contact with the

20 first source of electrical potential and the fluid, and wherein the first source



bet ween at | east one of the first electrode and the second el ectrode and
its - 16 correspondi ng source of electrical potential, wherein the switch
is operable to control the conduction of electrical current through the
fluid. 18. The fluid punp of claim13, and further conprising a second 5
source of electrical potential different fromthat of the first source of

el ectrical potential, wherein the second source of electrical potential is
in electrical contact with the fluid. 19. The fluid punp of claim 18,
wherein the first source of 10 electrical 1Botential is in electrical

contact with the second source of electrical potential through the fluid.

20. A Tl uid} QevRiGePytkatag:; is an\WabtrtaY g 2Bt QRENIKAE hitar GlrdudHh ehdvirse
configured to confine a 15 fluid; a first source of electrical potential; a

first elecﬁéc 6 wherein the first source of electrical potential is in
el ectri cal®¢on %%t with the fluid through the first el ectrode; a second
source of electrical potential different fromthat of the of the 20 first
source of electrical potential, - 17 a second el ectrode, wherein the
second source of electrical potential is in electrical contact with the
fluid through the sdiundfleikcpuode; ohndaans\d,t ovhdreinedhe abubddet fomaing
the first and second el ectrode and its correspondi ng source of electrical

pot ent It al japparaensgifirte othpeikes 2 sR@APkBUl& 6PBlecetical pbamtefl dkRséni cal
curren
from that of the first source of electrical potential, and wherein the second

source of electrical potential is in electrical contact with the fluid.

S. The fluid pump of claim 4, wherein the bubble forming

10 apparatus further comprises a second electrode in electrical contact with
the second source of electrical potential and the fluid, and wherein the
'second source of electrical potential is in electrical contact with the fluid

through the second electrode.

15 0. The fluid pump of claim 5, wherein the bubble forming
apparatus further comprises a switch between at least one of the first
electrode and the second electrode and its corresponding source of
electrical potential, and wherein the switch is operable to control —the
conduction of electrical current through the fluid.

20

7. A fluid pump comprising:



through the fluid between the first and second el ectrodes; wherein the
opening is configured so that the electric current flow ng through the
fluid expands a bubble in the fluid at a | ocation near the opening; and 10
wherein the opening is configured so that a coll apse of the expanded bubble
forms a liquid jet that urges a quantity of the fluid through the opening
inthe wall. 21. A nethod for punping fluid through a wall, the nethod 15
conprising: formng a bubble in the fluid near an opening in a solid wall;
col I apsi ng the bubbl e, wherein the coll ap$8 -of the bubble fornms a fluid jet
directed toward the wall; and urging fluid through the opening by force
appl i ed by the f kil Heing2h openliBg2fherbite BB Rpsll Qforft@indd2lo TS Iy
form ng the bubble |ncludes conductlng an electrical current through the
fluid at |h of the bubble's formation. 5 23. The net hod of claim 22,
wherein con ut?lng an electrical current through the fluid at the site of
the bubble's formatign includes c ucting the electrical current through
two el ectrodes na?alaﬁ;? elumping %&wobrh;aunrf@@eﬂwdangar tlae openimg ipdhe gBalds
claim 23, and further conprising controlling the application of electrical
potential to awheaast theeopEning is wordiguedosesha2ba chllepset bbdhefbabhalem
24, wherein controlling the application of electrical potential to at | east

one 50f t hgotwB £ligelid Gdeshaneiriées guensity /Y thelBurithfdugh the opening in

the wall.

8. The fluid pump of claim 7, wherein the bubble forming means
includes a source of electrical potential operable to conduct an electric

10 current through the fluid.

9. The fluid pump of claim 8, wherein the bubble forming means
further includes a first electrode in electrical contact with the first source of
electrical potential and the fluid, and wherein the first source of electrical

15 potential is in electrical contact with the fluid through the first electrode.

10. The fluid pump of claim 9, wherein the bubble forming means
further comprises a second source of electrical potential different from that

of the first source of electrical potential, and wherein the second source of

20 electrical potential is in electrical contact with the fluid.
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13. A fluid pump comprising:

a wall having an opening therein, the wall configured to confine a
15 fluid; and

a first source of electrical potential in electrical contact with the fluid;

wherein the source of electrical potential is operable to conduct an

electric current through the fluid;

wherein the opening is configured so that the electric current flowing

20 through the fluid expands a bubble in the fluid at a location near the

opening; and
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electrical potential, wherein the second source of electrical potential is in

electrical contact with the fluid.

15 16. The fluid pump of claim 15, and further comprising a second
electrode in electrical contact with the second source of electrical potential
and the fluid, wherein the second source of electrical potential is in

electrical contact with the fluid through the second electrode.

20 17. The fluid pump of claim 16, and further comprising a switch

between at least one of the first electrode and the second electrode and its
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S source of electrical potential different from that of the first source of
electrical potential, wherein the second source of electrical potential is in

electrical contact with the fluid.

19. The fluid pump of claim 18, wherein the first source of
10 electrical potential is in electrical contact with the second source of

electrical potential through the fluid.

20. A fluid pump comprising:
a wall having an opening therein, the wall configured to confine a
15 fluid;
a first source of electrical potential;
a first electrode, wherein the first source of electrical potential is in
electrical contact with the fluid through the first electrode;
a second source of electrical potential different from that of the of the

20 first source of electrical potential,
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) whereln the switch is operable to control a flow of electrical current
through the fluid between the first and second electrodes;
wherein the opening is configured so that the electric current flowing
through the fluid expands a bubble in the fluid at a location near the
opening; and .
10 wherein the opening is configured so that a collapse of the expanded bubble

forms a liquid jet that urges a quantity of the fluid through the opening in

the wall.

21. A method for pumping fluid through a wall, the method
15 comprising:
forming a bubble in the fluid near an opening in a solid wall;
collapsing the bubble, wherein the collapse of the bubble forms a
fluid jet directed toward the wall; and
urging fluid through the opening by force applied by the fluid jet.

20
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5 23. The method of claim 22, wherein conducting an electrical
current through the fluid at the site of the bubble’s formation includes
conducting the electrical current through two electrodes of different

electrical potentials.

10 24. The method of claim 23, and further comprising controlling the

application of electrical potential to at least one of the two electrodes.

25. The method of claim 24, wherein controlling the application of
electrical potential to at least one of the two electrodes includes operating a

15 switch.



