WO 2005/ 002646 PCT/ SG2004/000037 1 PUWP Field of the
I nvention 5 The present invention relates to a punp
W@R00p0eo#ng fluid, and in particular, to a PCT/SG2004/000037
pi ezoel ectric axial punp suitable for use as a heart
punp, or the like. Reference to Related Application 10
Reference is made to US provisional patent application
nunber 60/415,855 filed 2 Cctober 2002 entitled
"Punp" and the basic US utility application nunber

10/ 611,306 for "Punmp" filed 1 July 2003 in respect of
and claimng the priority of tlhe provi si ona
appl i cati on nunber 60/415,855. 15 Description of the
Rel ated Art The reference toP@MR prior art in this
specification is not, and should not be taken as, an
acknow edgenment or any form of suggestion that the

pri &feldpkine byvgatiogar ¢ of the conmon general know edge.
20 Currently, tens of thousands of patients suffer

rom heart failure rldw de. For exanpl e, _pat i ent '
%n t[Fh% P{S8eRBVeETRTY @i‘%’a Qi RURR 9 tPufging %E" 1‘5‘B‘f1 'rﬁB ey, to &
her pededidciriciakiel pumpiseaigble s Gis@bs agariPampd® cHediks.

attribute her heart failure to a hereditary condition.

Her father shared the sane di sease and died at age 32

nor Beferense 2ORglated dpplipgtio5 Devel opment of a heart

assi st device that can be inplanted into the body and
1(gel the heart to punp the blood is necessar

[

in

A PRl5TSat Foeds 1 Y, PRIl FBRiaton AURVEIEYHRARS fied 2
hleaobtowmmez afititied MAUNRERL :gd bhdic UBeutifitp @Hﬂalf@é’t{og _nurn?er 10/611,306
el egctr ti.c . ver ynps .o s .form .
uf PLrP 4 A1 S iy respest Panie SRR ikprorly 'y 41 Provisiona
t haap#cation hlrebea fH/&ISES6s is rel atively heavy in weight,
has a | arge size and can be affected by external
magnetic fields. Furthernore, the operation of the

1punPesesintior-atihe Belaied Athener ati on of vortices in the
bl ood. WO 2005/ 002646 PCT/ SG2004/ 000037 2

The reference to any prior art in this specification is not, and should not be taken as, an
acknowledgement or any form of suggestion that the prior art forms part of the common

general knowledge.

Currently, tens of thousands of patients suffer from heart failure woridwide. For
example, a patient in the US has suffered with heart failure for most of her adult life.
Diagnosed at age 25, doctors atfribute her heart failure to a hereditary condition. Her
father shared- the same disease and died at age 32 more than 20 years ago.

25  Development of a heart assist device that can be implanted into the body and help the
heart to pump the blood is necessary in aiding patients with such conditions.

Conventionally heart pumps are implemented in the form of electromagnetic pumps.
However, pumps of this form suffer from a number of problems, such as the fact that

30 the apparatus is relatively heavy in weight, has a large size and can be affected by
external magnetic fields. Furthermore, the operation of the pump can lead to the
"‘generation of vortices in the blood. o



It is therefore necessary to develop a heart punp that
can assist the heart to punp the blood to the whole

Woapsgeeieart failure. In particular, it is dexiwstdoes/000037

that the punp is snmall, light-weight, has a | ow power
consunption, does not generate vortices in the punped
bl ood and is mnimally affected by the externa
factors, such as nmagnetic 5 fields. An exanple of a
pi ezoel ectric rotator is shomn in US-6,388,364. In
this exanple, the rotator Ef pi ezoel ectric nenbers
that operate to expand and corftract in a predeterm ne

manner to cause rotation of a ri ng. HOV\BVGY t he
per fid3 ihersior nacessawiio deyelop afeartipunn tbaisan esdist tetheatt tolpamp the
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gotgygonal torques, and are therefore general Iy

unsuitable for fluid punping applications. 15 Sunmary
of the Invention In a first broad formthe invention
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' tate hereby urging fluid along the flow
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caIIy the el enents are
p| ezoel ectric el ements. The el ements typi cal y ext end

Suls bR Foid
t ubul ar tsbﬁd ah%gﬁtﬂg%végﬁg (?V?JIQ E.m;‘p g’ﬁé'{"@‘?m%fw‘ﬁ’ g fluid
t h&HD . chhmngaﬁdloar paihca Wrivsr nae-as at fuostatially 1301aT sRagad thody
I S d@frrﬂ-fg&i B&Hyyaxfsoérﬂ%dntfnﬁﬁé%f)él&ﬁ&ﬁé @féuﬁn'fe‘fﬂ‘l??llfye{%a@éd’ aré%ndhthe
é yp o%‘s‘fﬁ%’fé el ement bein
W "SRR 9 SIGRA 1@ R copREPoncguogion of
bothg bamdtoaexpwmeedmtma il ewéct:@d@bmahmﬁgar%f BAnPHbEAxis, and
S ug“fl %ﬁg%eﬂbgﬁpgs}ﬁg UIdellnr the t‘f‘ow %ath the urging member being coupled to the
driver such that selective expansion andfor contraction of the body causes the urging
member to rotate, thereby urging fiuid along the flow path in use.

25

30

Typically the elements are piezoelectric elements. The elements typically extend
substantially along the length of the body. The tubular shaped body generally has a
diameter of less than 0.1m, and a length of less than 1m.

The body is preferably formed from piezoelectric material, with each piezoelectric
- element being formed from a common electrode mounted on an inner surface of the
tubular body and a respective electrode mounted on an outer surface of the tubular
body.
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body can be forned froma nultiple |ayered

W 2008@02¢d ri c material, including a double | aacawrsaak004/000037
pi ezoel ectric material, each piezoelectric el enent

being formed froma common el ectrode positioned

between the |layers, a first set of 5 respective

el ectrodes nounted on an inner surface of the body

and, a second set of respective el ectrodes nounted on

an outer surface of the body. Each el ectrode can be
formed froma thin metal fil mdaving a thickness of

| ess than 0.001 m 10 The punp generally further

i ncludes a controller coupled to the elenments, the

cont [ ' . ,
o orupizefikly, BF o8, B350 Bk AP AT Bysed biileayi rtera
c ontinciugding endeyiblet lnyered eﬁmﬂestnc Tepiqrish esble misACslechiceslement being

genggrakd roR! BaG@fsbnl BleftRds Sposiﬁéﬁéh Méenbﬁbﬁ%ers, a first set of
ositioned in circunferential ngquI tion

ontPBPFINe elpeiiodEs BUSten e ingRRUFiaRecot dighagl end.p second set of

t herespyctives eb@otisstaduted@hiar alier suffac o embaypai 1 such

that one of the el enents expands and the other

el ement contracts. 20 The controller is typically
adaaeideleairode tanvie emoduiefraet e riim mefbilmshaving tauthicknes® of less than
t hepeByncause elements to expand and contract in a
circu erentlal sequence. The punp can be adapted to
1@enerate signals having a sel ected frequency the

Si gnRé pum bﬂamﬁfuﬁlﬁbr ﬁ‘l@l@lbesed &ﬁiﬁmer bdﬂlpkb Q) tﬂé Qlﬂﬁl@ﬁts AR Eontroller
havi n @T\wﬁ nce of tF' 35
o b AR dS opterets B0 Bands SeipbRaaisihuie SHEARE sxgnsion
recend/@)nmtlomqifMeelmeymal of up to 1000 V, the

controll er being adapted to generate signals of

between i to 10000 Vp-p and a sel ected frequency of

1ap Tee stemeris. am0 gaeealivr grangedramrngirs.geanbr &Rl ybeingc pesifiesed in

a s Biadunserkiai 'Upﬁébltﬁn Sthé b bnirditdr %efn& QH Jﬁ‘éﬂtt@ @gﬁerﬁle %Ejﬁals td¥Rereby

flow gath and bl ade extendj ng

shafde tfv%aqu% &n Slament paigsuch |"P6c‘, l?ﬁ'? &t %‘ﬁt‘%‘%ﬁ"&s %i%"tﬂ%c?“d the
theotﬁémidmeanﬁdanﬁ&mg the shaft axis, such that rotation
of the shaft causes the blade to urge fluid in a

direction substantially parallel to the shaft axis.
20 The controller is typically adapted to activate the element pairs in turn, o thereby cause

elements o expand and contract in a circumferential sequence.

The pump can be adapted to generate signals having a selected frequency the signals
applied to each element in the element pair having a phase difference of 180°.

25
In this case, the controller can be coupled to a DC power source {o receive an input
signal of up fo 1000 V, the controller being adapted to generate signals of between 1 to
10000 Vp-p and a selected frequency of up to 40 MHz.

30  The urging member generally includes a shaft defining a shaft axis that extends aleng
the flow path and a blade extending radially from the shafi, the blade exiending
circumferentially around the shaft and along the shaft axis, such that rotation of the
shaft causes the blade to urge fiuid in a direction substantially parallel to the shaft axis.
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typically extends along the shaft so as to define a
woemwadozewi th the pitch of the thread varyi ng FOTIBGR004/000037
the length of the shaft. The shaft may. be

substantially tubular, and the bl ade extending

radially inwardly toward 5 the shaft axis.

Al ternatively, the shaft can be substantially
cylindrical, the blade extending radially outwardly
fromthe shaft. The shaft nay al so be tapered. The

urgi ng nmenber generally includes end caps for coupling
the shaft to the driver. 10 Each end cap generally has

a SlJIsttbaﬂé typlchlly dxtands nlocmint chdit heae defin@\a thepad, Withnhe pitch of

angl he end caps are
typltﬁe cﬁﬁéﬁgwgtqge 'teﬁéﬁj(maeﬁh fguch that the end caps

are urged agai nst ends of the piezoelectric el ements.
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the resilient nber, the res
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end eRfendiftfrafibifZonflaty fdnfthe $RaficTIRIBRAR May 4150 bdtaperédse,
the resilient nmenber can be a spring having a spring
constant of between 0.005 and 0.02 kg/mm 20 The punp
can The uxging pleetiet generally indutea exat gaps ips tapiingdhepshagi tdothe driler.
or the like. In a second broad aspect, the invention
rovides a fluid Eunp for punFlng fluid, the fluid
Bumﬁaphwmdlmp iggnetally| hgsvarsabyiantial Vdiuﬁwpmmﬁhﬁpg; haying a cone angle
Subst gébbachldoY a1 o SHIRARCErb Yl Ui BhsHaRDich that he

axis and a number of elenents circunferentia
ar 0 GRYCIPE &roy QW'"SE%ﬁ obihe pisreelaskle ﬁ&”leéi?pwa% a 'Ga‘*‘é one

Si giotihetend eapisie coual foethe Ot 5y0a RNkt Gierter, thd) eesmezdynember
par SPPaRows ReTBhite shf o FRT 4 PR BEhRE oL Fie-digraaioere
1pn elewefts.ow path such that sel ective expansion and/or
contraction of the body urges fluid along the flow
path in use. 30 It will be appreciated that the driver
may INJBis §p5¢; thg resflignimpmber FRidte 2iYIEY NG SatRH0@ cqustaRt of between
I €S peos ardd®.02h@/mrhr St broad form of the invention. WO .
2005/ 002646 PCT/ SG2004/ 000037 5 Alternatively, the
el ements may be adapted to extend circunferentially
2@ur olimelpunipasan be coupled to a circulatory system to pump blood, or the like.

In 2 second broad aspect, the invention provides a fluid pump for pumping fluid, the
fluid pump including a flow path, a driver having: a substantially tubular shaped body
defining a body axis and a number of elements circumferentially spaced around the

25  body, each element being responsive to a signal to cause a corresponding portion of
the body to expand or contract in a direction substantially paralle! to the tube axis, the
driver being arranged in the flow path such that selective expansion and/or contraction
of the body urges fluid along the flow path in use.

30 It will be appreciated that the driver may be similar to the driver described above with
respect to the first broad form of the invention. '



body, wth a nunber of el enents being provided al ong
the body. Typically, an inner surface of the driver
voaeooseopiovi ded with a profile, to thereby ai dcrsdloey000037
urging of fluid. Brief Description of the Drawi ngs An
exanple of the invention will now be described with
reference to the acconpanying 10 draw ngs, in which:
Figure 1 is a schematic diagramof a punp according to
the invention; Figure 2 is a schematic diagram of an
exanpl e of piezoelectric transducer; Figure 3Ais a
cross sectional view of an exdnple of a nmale type

axi al inducer; Figure 3Bis a cross sectional view of

an etidmeivplyf te alseenie inhy thh eaditedl eeextadd EifcgtfetenBdly ardind the

ri ool i ¢ B PR B Rl Bty bty 2

Figure 4A is a cross sectional view of a first exanple
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gectl 0 view of a second exanp
xi &t yrgipgdpid. coupl ed to the transducer of Fi gure 2,
20 Fi gure 5 is a cross sectional view of an exanple of

1 nd cou led to the transducer of
Fi gﬁ'@% scﬂP ‘é(i%:ﬂp pl an vi ew of the el ectrodes
of the transducer of F| gure 2; Figure 6Bis a
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Fi gure I'S a sequence show n
19ef GfﬁWH\QFthh'F*ansducer of Figure 2; 25 Figure 7 is a
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of {hRaRphs O%,ﬁgz Enbodi ment WO 2005/ 002646

PCT/ . SG2004/ 000037 6 o
Figure 4A is a cross sectional view of a first example of a female type axial inducer;

Figure 4B is a cross sectional view of a second example of a female type axial inducer
coupled to the transducer of Figure 2;

20  Figure 5 is a cross sectional view of an example of an external inducer coupled to the
transducer of Figure 2;
Figure 6A is a plan view of the electrodes of the transducer of Figure 2;
Figure 6B is a schematic side view of the deformation transducer of Figure 2;
Figure 6C is a sequence showing the deformation transducer of Figure 2;

25 Figure 7 is a circuit diagram of a controller for controlling the operation of the
transducer of Figure 2;
Figure 9 is a schematic diagram of an example of the pump of Figure 1 in use;
Figure 10 is a schematic diagram of two of the pumps of Figure 1 in use in paraliel; and
Figure 11 is a schematic diagram of iwo of the pumps of Figure 1 in use in series.

30
Detailed Description of the Preferred Embodiment



An exanple of a punp according to the invention wll
now be described with reference to Figure 1. In
Warasoedesar , the punp is formed from a tubul ar EiTEEER004/000037
transducer 1 coupled via two 5 end caps 2 to an
i nducer 3. The end caps are held under tension via a
retaining nut 4 and a spring 5, as shown. In use,
excitation signals are applied to the transducer
causi ng sel ective contraction and/or expansion of the
transducer. The expansion or contraction of the
transducer is 10 used to indfce an oscillatory notion
in the transducer ends, which causes the inducer to

r ot @dnesxample of 4 penrabdrding tcothe tnkentiap piliined beidgsmibed witfheference
ind%9ﬁ9m£§ configured such that rotation of the

i nducer causes fluid to be urged along a fl ow path,
thereby providing a punping action. 15 The manner in
whi Wrérfiﬁufar,'tﬁe AR B & ReMrbh aNOMIRShAIRB WahdBber 1NeolRE@via two
getal , Wth resgect to an exanple in which the

r afBHERAS2 tp @n fiducen &1 Eerand cans AR SeiH YBder qngiop yia @, reiginigy nut 4
an endappring&f asshpivezoel ectric transducer is shown in
nore detail in Figure 2. As shown, the piezoelectric
transducer 1 is fornmed froma piezoelectric tube 1

20 Hmavden gxcitationraigeals ser dpplied toohe drdnsdiucdn cawsingngsiactive contraction
el eghi/&d&pdns 0 o@fﬁg tlﬁﬁ’fﬁgégr.efhesé%%t%fbﬁ of Q8HuaCtioWiok the ¥Ansducer is

e la. e de la ded

outer electro f e outer ectro 1's divi def
19 nt ysgdgn indges 21 esRlatonyioEen indhectransaucaiprelecuichagapses the inducer

ma&ﬁﬂta@er HéeAthk B&gt@gbfgﬁe spplibasignl. Thé ﬁ‘ldhédﬁ% t%&fi%umd uch that
|1 C ar e separ at e . e aps e. aC el ecl,r ode, ..
o Eahath 8108 TRGCS oBfeg® i b B o 0 b therety Friing a
showmpi@pactie di mensi on of the piezoelectric tube can

be selected and optim zed according to the practical

application. However, typically the dimensions are
13 t Rhenmanner inothichliinig aehiswge will nog hedeseribehismeare detall Wity eegpect

7 08 dn SEMBIO inditfiglthe tIREJuce! idFBERlectB riBaRe from 0.1
mm to 24nm and Length if ranges from5mmto 250mm

30 In order to provide the required piezoelectric
ef f mQartictithe ah stenplklof b pickayidtRid tiansilice is gho@r Gehere detaitin Figure

mat gr } al ch. as PZT ﬁL I rcon gi i %% . .
ooty ey hededofge FRlnatie R Yhed A depatpete oo
2Q ubkeving ahdmeeelrbeaseatzd Wi hainnerzidcirodeathe amtbaneutes surface coated
haviifafolérHiectrode 1a. The outer electrode 1a is divided into four portions, which
arercircumferentiatly spaced around the outer surface of the tube 1i, and which are

separated by the gaps 1e. Each electrode portion extends along the length of the tube

1i, as shown.
25
- The dimension of the piezoelectric tube can be selected and optimized according to the
practical application. However, typically the dimensions are within the following ranges:
Outer diameter 1h ranges from 1mm to 25mm; Inner diameter 1g ranges from 0.1mm
to 24mm; and Length 1f ranges from 5mm to 250mm;
30

In order to provide ihe required plezoeleciric effect, the tube 1i is formed from a
piezoelectric material such as PZT {Lead Zirconate Titanium), modified PZT, or the like.
It is preferable that the tube is formed from a mechanically hard material having a high



WD 2005/ 002646 PCT/ SG2004/ 000037 7 piezoelectric
constant d31 and nechanical quality factor Qn An
wepreeest the manner of manuf acture of such PLTRG20GE00037
is provided in our co-pending application entitled

"Pi ezoel ectric Tubes" (filed as serial no. 60/416505,
attorney docket nunber DAVI 192.001 PRF filed Qctober

03, 2002) will now be described. 5 In particular, this
techni que invol ves form ng a suspensi on of

pi ezoel ectric ceramc particles, such as |ead

Zzirconate titanate (PZT), dopéd Iead zirconate

titanate (PZT),. BaTi 3, or the like, in a solvent
nmedpiemoeletyipi coasthnt d3i gudi reechericad muglity facin Grs. At lea@rople of the
andwﬁﬁﬁeﬁ%‘?%an%&ur‘é ‘?%uah% Q\%&gg ;%%Ju‘fe;dniﬁtdut’g% Hd \ﬁgrgpihcatlon
r odemtéletbb@e:tore@ﬁé@ TubeS’t (lgd fas et rFedﬁQJM%Oﬁ taﬁom%docm number
Par bih0l188 oPRiHRGiIed 4RRBS d3S5bog will Réw bOskstitieBd

_iel ectrophoresis. The deposited layer is then heat

reated by heating in a furnace at between 500C and

120G:Qaarﬁdn!at' heis eeohnitd indlblias fbih&ng)arlshbpﬁnﬁoﬂi af pibzarfedirib weramic
A e R b

t enpenias,ur em likb gitt \aesever8 TeGiuan 0 ypigdly Orgapicfsoivents Sd@h@ee’fham!
cer g £ce e JJé ﬁ(gﬁh hﬁerﬁdﬁ@é‘scﬁ\ie‘n@v‘ﬁ% e wﬁﬁp |may REE 86 Gsed

havi ng t ose r enoved thereby forma

1ho mmw offefodis pssitipnesniasthe é@ dmﬁnﬁqi'wbewg}b Hiee Bariglesybeing

by 8608iR0%nHe rbd Bsind dibctrbiffiored. art. The el ectrodes 1a,
ib can be fornmed froma range of good electrically

conducting materials such as silver, nickel or gold.
TheTied depbsited &yerdis then hedd treated byytpEating ihy féroaoert| bétwean 508°C and

o W 590 5] nEaBl Rl A Bl R0 AR el oo
1%, bnehohdhédnted hedicle dayanotitgh tube iprttmsﬁinteﬁmsbﬁt temperatures
pee%énng%@‘s&c 388\ fokn a Péhs%é‘r%ﬁqﬁ:'tuﬂeh' sis

preferably achieved by co-firing the el ectrodes Is, Ib
with the plezoelectrlc tube 1 i, although other

It eC‘h\'é fbe s HBY algvlwgg tdPEbol Bedre IPdvﬁt@Qﬁ@Elbébdtéiﬂ reheRt| BaRreby
3 ol e P g ot b ST e S Py PEHERE g R the

20le ahoul d be as narrow as possible, and is preferably
bel ow 0.5 mm
The elecirodes 1a, 1b can be formed from a range of good electrically conducting
materials such as silver, nickel or gold. The electrodes 1a, 1b are typically formed from
a coating process such as brush-paint, screen printing, spray, sputter or other
25~ methods. The electrodes 1a, 1b should be adhesive enough to prevent from peeling off
during work. In general this is preferably achieved by co-firing the electrodes 1a, 1b
with the piezoelectric tube 1, although other techniques may also be used.

Preferably the electrodes ta, tb should be as thin as possible, with the maximum
30 thickness not exceeding 200 wm. Similarly, the gap 1e should be as narrow as

possible, and is preferably below 0.5 mm,
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el ectrodes la, ib onto the surfaces of the tube ii,
Whoipeséel ectric transducer shoul d be pol ed PLTHER004/000037
the thickness direction under electric field, as wll

be appreciated by those skilled in the art. For PZT

or nodified PZT materials, typical poling conditions
woul d include the application of an electrical field
inthe region of 2 - 45 kV/Imm for between 20 - 120

m nutes duration and at tenperature 100 to 150C. This

may be perforned in silicon oid. In use, electric

signals generated by a control system (which will be

des dfiebeattingtheglestrod¢e tlai 1b dndd thesurdaces apbk itubd 1i,ghe hiezoelectric
gm %an@du@éi’tsﬁ&ﬁ@bé-ﬁo[ébsél&% £ ﬁqﬁ:&e@gdlre-gﬁﬁ\ lYMdEteéecirﬁz f%ﬁina@ﬁlﬂ be

O connected to t t ransducer usi ng [ ectrical Iy
condieeriaigd &pdhape rsklipthin e afthEor) P4deor ma?"ileé’r PHbmafrialsotypical
by spelifdeohdiibné WeuincRSe he apnEation bfedh e@c@ieal m@ldm the fegion of 2 ~ 4

ef Ling. A_gr d.con i on

31 s Vi orcbhesn ol R mulier Queyen i sLemprredre PR Tt s
man ey be perfdrinedinciisan oilt he position at which the ground
wire Is connected is not 15 inportant. The wires is

are preferably connected to the outer electrode is at

t he Imurgaelegiinssigriatsrasneriaigd bwaicertirobsysteni (whigh wik hetdescribed in more
ti m%l%taﬁ Baowywaﬁbn&i tottmaeo&ém%ct;loke@huan%w.ré’& X Thd \)Jlresal% can be

The reason for this is e tube w |

1@ pe rca'i’@"’t?% to {hg frapgeyesy; using @B efertripally conguctipg Efp%’e’eﬁ'ﬂ or the like,
explaférpethg] ¢ byBolGerthgtiad wireb 6 the\outéeldchalenadalorgdsuting. i on

id, the net displacenent and hence strain during the
flexing procedure will be effectively zero. Thus, the
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experience minimum displacement and strain if positioned at the nodal location, which

helps ensure that the connection between the wire and the outer electrode 1a does not

break due fo undue strains.

it will be appreciated that a number of diiferent designs of inducer may be used with the
transducer described above, depending on factors such as the implementation and the
purpose for which the pump Is being used,

30  Afirst example of an inducer, known as a male design, is shown in Figures 3A to 3C.
In this example, the inducer is formed from a blade 3a coupled to a shait 3b. As shown,
the blade extends radially outwardly from the shafi, and extends circumferentially
around, and along the shaft, so as to define a thread.



the bl ade extends radially outwardly fromthe shaft,
and extends circunferentially around, and along the
Ve 2fos/p02645 as to define a thread. WO 2005/ 00264&T/SG2004/000037
PCT/ SG2004/ 000037 9 In use, each end of the shaft 3b
is coupled to a respective end cap 2, an exanple of
which is shown in Figure 3B. The end caps 2 are used
to couple retain the shaft in position within the
transducer body 11, as shown for exanple in Figure 3C
In this 5 exanple, the retaining nut 4 and the spring
5 are omitted for clarity. Acfordingly, it will be
appreci ated that rotation of the inducer will cause
fluid contained wthin the body 11 to be urged in the
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18ottom (such that there is a greater pitch at the
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change, with the taper configuration 25 being used to
snoot h the pressure gradi ent al ogng the inducer.
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efficient. 30

However, if the volume gradient along the length of the inducer becomes too great, this
will lead to flow that becomes turbulent and unstable. Accordingly, in this example, the
change in pitch is used to induce a large volume change, with the taper configuration

- 25  being used to smooth the pressure gradient along the inducer.

In general, flow can be induced in either direction by reversing the direction of rotation

of the inducer. However, in the reverse direction, the flow will ot benefit from the

variations in pressure along the inducer, and accordingly, the flow will be less efficient.
30

The blade is preferably designed to be as thin as possible to thereby reduce the impact

of rotational forces generated by rotation of the blade on the fluid. This inhibits the



The blade is preferably designed to be as thin as
possi ble to thereby reduce the inpact of rotational

Worwmwsgzgener at ed by rotation of the bl ade on tRUI/SG2004/000037

fluid. This inhibits the WO 2005/ 002646

PCT/ SG2004/ 000037 10 generation of vortices within
the fluid being punped. Generally a bl ade thickness of
below 0.5 M is preferred. In general the end caps,
shaft and bl ade may be fornmed fromany material, and
are 5 typically prepared by machi ning or noul di ng.

For ease of construction and Hurability, it is
preferred to use materials that are elastic, have a

| owgeeEmatiot wf vaiigs avithin dhy Bl Being peipedaGefdralytd Biade thickness of
al ugjelgwms&”l+ %%?eferfetdai nl ess steel or the I|ike.
Alternatively, materials such as ceram cs may be
used. 10 In use, mechani cal engagenent between the end
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angle) is between 600 and 70 to 15 optim ze the
mechani cal engagenent of the end cap and the
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Thus, for exanple, the profile may take the formof a
sawtoothed profile on the end cap surface 2a, or on

t h&1OWEKRY: Blferriefve mpelgiere dar ensurinp rpiatiasr of B éidugen gan be used.
pr ajhestor emmpheiiadng rcgyazdﬂele @Bnddiéer @bd c8h be bitflied, such that the
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30

Fg?’?ﬁ% ée@’ tlé%/rpiﬁjnéd'lé?%ee[ﬁiéie‘?ﬁt FoRdB% G thé QY Ba FRLL, 4 xiSie, the
profile may take the form of a saw-toothed profile on the end cap surface 2a, or on the
end of the iransducer 1, with corresponding projections being provided on the end of

the fransducer of the end cap surface 2a.

Second and third examples of inducers, known as a female designs, are shown in
Figures 4A and 4B.

In the example of Figure 4A, the inducer is formed from a shaft in the form of a cylinder
3¢, having a blade 3d positioned therein. As shown, the blade 3d extends radially
inwardly from the cylinder, and extends circumferentially around, and along the
cylinder, so as to define a thread.



30 3c, having a blade 3d positioned therein. As shown,
the blade 3d extends radially inwardly fromthe
Wy tdosrdee46 and extends circunferential |y ar oun@®CTast004/000037
along the cylinder, so as to define a thread. WO

2005/ 002646 PCT/ S&2004/ 000037 11 In the exanpl e of

Fi gure 4B, the inducer again includes a cylinder Sc,
having a blade 3d positioned therein, with the bl ade
spiraling along the inside of the cylinder to define a
thread. In this case, the blade is also provided on a
central shaft 3f, which can didd in the production of
the inducer. 5 Again, the nmaterials applied can be

pl al&tﬂhs:@canmlemlgumm {hewucatagmnhremesa eylinder Sey lsaving | blade
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mac h gigng. 10 The cylinder may be tapered,
giugcﬂ%ads”gﬁ\b\jn rl n the exanple of Figure 46, this is

5not essential. Again, the blade 3d nay have a
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allow a second end cap'2 to be coupled to the
cylinder with the spring 5 and the retaining nut
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betmﬁﬁrﬁcusDOS and 0.02 kg/ nm can be used appli ed.
However, it will be appreciated that other neans of
ensuring engagenent between the end caps and the

15t r dnéiumempiesowr Bdiduee 45 edscrerbihreadideds previded tesllow a second

desgh 3%29 toa:;?ecb\éﬁp!eottg the! cPlﬁilHé?ﬁrhﬁ 17 Srihd & bieFkhé R AUbE, as also

trans resu the transducer body 11 can
be Sﬁﬂ‘ﬁfbt“é:dﬂul!'%‘”?r orma flow path, along which the fluid
i's punped. However, alternatively, the inducer may be

t hcié”q%g dg%é%ﬂ%rq? ?Pl | e&hii%e(targae t‘i’lgtaﬂééc ua%%gl et%gtggﬂ(e%WJ ?na%ained
20  between the end caps and the transducer at all fimes. In general, springs having a
spring constant of between 0.005 and 0.02 kg/mm can be used applied. However, it will

be appreciated that other means of ensuring engagement between the end caps and

the transducer may also be used.

25 In the examples described above, the inducers are fitied inside the transducer. As a
result, the transducer body 1i can be adapted to form a flow path, along which the fluid
is pumped. However, eliernatively, the inducer may be provided externally to the

transducer. An example of this is shown in Figure 5.

30 In this example, the inducer is formed from a shaft 3g, having blades 3h mounted
thereon. In use, the shaft 3g is again coupled to the transducer, using respective end
caps 2, held in place by a spring 5 and retaining nut 4, as shown.



30 In this exanple, the inducer is forned froma shaft

39, having blades 3h nounted thereon. In use, the
WEh05/0@e46i s agai n coupl ed to the transducer, ®EIISG2004/000037

respective end caps 2, held in place by a spring 5

and retaining nut 4, as shown. WO 2005/ 002646

PCTI S&004/ 000037 12 In this exanple, the transducer

1, and the inducer 3 are positioned in a flow path 6,

such that rotation of blades 3h causes the fluid to be

urged along the flow path, as will be appreciated by
persons skilled in the art. 52q:)erat| on of the
transducer will now be described in nore detail with
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Thus as shown in Figure 6C, at S1, a first positive signal is applied to the electrode
portion 1a1, with a negative signa! being applied to the electrode portion 1a8, and no

25  signals being applied to the elecirode portions 1a2, 1a4. This causes the transducer o
bend towards the right hand side of Figure 6C.

At 82, a positive signal is applied to the electrode portion 1a2, with a negative signal
being applied to the electrode portion 1a4, and rio signals being applied to the electrode
30 portions 1ai1, 1a3, thereby causing the fransducer to bend info the page.



being applied to the el ectrode portion la4, and no
signals being applied to the electrode 30 portions 1
V0 200500268, t hereby causi ng the transducer to PETHBG2004000037
t he page. WD 2005/ 002646 PCT/ SG20041000037 13

Simlarly at S3, a positive signal is applied to the

el ectrode portion 1 a3, wth a negative signal being
applied to the electrode portion 1 al, and no signals
being applied to the electrode portions | a2, 1 a4,

t hereby causing the transducer to bend towards the

left. 5 Finally at S4, a posildive signal is applied to
the el ectrode portion la4, with a negative signa
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shown by the arrows 8. 20 Accordingly, the application
of suitable alternating electrical signals having a
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S R
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20Figure 7. As will be appreciated by those skilled in
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uenc ene coupl ed to a phase shifter
a olifferenae o‘d}% kq the gﬁectpge pgrﬁgpsa1 a,, 1a,, 1a;, 1a, will cause the end cabs 2,

and hengce the inducer 3 to rotate. Furthermore the frequency of the signals will control
the rate at which the rotation occurs, thereby allowing the rate at which fluid is pumped
25  tio be adjusted.

An example of a circuit suitable for use as a power source is shown in Figure 7. As will
be appreciated by those skilled in the ari, the circuit shown in Figure 7 includes a
frequency generator 10, coupled to a phase shifter 11, a current amplifier 12, and a

30 voltage step-up circuit 13,



30 voltage step-up circuit 13. WO 2005/ 002646

PCT/ S&004/ 000037 14 In use, the frequency generator
Wipzwah®sdst 0 generate a digital oscillating si @uarsG2004/000037
having a frequency, the value of which is set by
adjusting the variable resistor R2, as will be
appreci ated by those skilled in the art. 5 The signa
is output to the phase shifter 11, which uses three
D-type flip-flops to output four signals each of

whi ch are separated by 90. In particular, this is
achi eved by using the digith signal output fromthe
frequency generator to act as a clock signal for a
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resi stance of resistor
above.

In this example, the input to the power source is 8 ~ 20 V DC voltage. The output
amplitude is 50 ~ 200 Vp-p with respect to the ground, which is applied to the inner

95  electrode 1b. The power source offers a range of frequencies from 10 kHz to 200 kHz.
 lt will be appreciated by persons skilled in the art that other suitable power sources

could also be used.

In any event, it will be appreclated that this allows the pump to operate at a controllable

30 rate by suitable adjustment of the value of the resistance of resistor R2.

In the example described above, four electrode porfions 1al, 1a2, 1a3, 1a4, are
shown. However, other numbers of elecirode portions may be provided. In order o



In the exanpl e descri bed above, four el ectrode

portions lal, ia2, 1a3, la4, are shown. However,

Vi paop/o9adber s of el ectrode portions may be pr ACTdE2004/000037
In order to WD 2005/ 002646 PCT/ SG2004/ 000037 15

i nduce the required jiggling notion of the ends of the
transducer, it will be necessary to have at |east

three el ectrode portions, although in general the nore
el ectrode portions that are provided, the nore the

noti on of the transducer ends can be controlled. 5 In
general, it is also preferabl® to have the el ectrode
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t h?na?(%z‘?ngglfhe Sﬂe;fmﬁetﬁﬁ b ﬁféeculféo Fl'h*s% if %ﬁk@ﬁgl%sﬁeﬂ of thé §gling

, SI X control S|gna s 15 woul d be
10apmdtieniencegydnio oftatignal epergisn H1eiguehr 8d by 60 phase
di fference (Mﬁth each el ectrode portlon in a

‘g;’%@gg@;&&iﬁ% 5 [yng"??él%h 2ali B Re RGeS FRRE 18 i be

t I st eépehﬂln@ﬁn the nursithr bfratnfctra:!apmi‘ttonpﬂ@u“reay&uedor example, in

ghz oc%'sggfl s.ohecktachrog’e rt%?ls ?&?ﬁ?& E?n @feevgag&h]g' p%wﬁ hé?)Y\Ebntra signals

15p| w0l eec appiied, taable Of sm@h aﬁwpmatqﬁi lfmét?“dﬂ@ﬁ? éﬂfﬂe%?y%% gjth each
40 %@i@&ﬁ%@) ortoR fH £ rB&hohdifihairdadiving GRNSls PRsD Bbpardi@ R 180°).

arated by an internedi ate el ectrode 42 inner
and outer electrodes 43, 44 are al so provided and are

S eql deQQS;S’mérﬁ bR tl'f&%ﬁ‘\feaél $oP the Srafdtinydt to bé-hmadefrom 4 haltiple layered

ex ngqgeéectrmw}é: )éﬁl}%le o?yﬁ\gg %rsgﬁt)\g(hnaﬁ ;fflﬁé\‘lp %ﬁx rrIF%ra double

20f ah&yematpmaetmmmas isnalpwip @itls ubsdoahlmlayleteyl t@hiﬁﬁurzefrmqlt@mg first
25
| af‘@? seclogé:g%alb%lja%gtfh AO¥ Eselihrkily Bg ?;gﬁfezr]péd?até QI@ctﬁn'dQ @ finer and

us a Suspen | ezoel ectrlc
ceroaier elegivodes 43, @4 ac@aismm\d@ﬁﬁlﬂ ﬁéecﬁeﬁ?'ﬂ”@d itq gHpdipeisfg shown.

ge(mﬁé ﬁ:ﬁ'htﬁer of AR ARBAR! chiRFthaR MRS subl$a§ R® eAgN, three, four,
drle ef e

outer surface is

unifit@rsi: 1289 se Tgith. fike Jpiricaliop fLgagss E\‘}E&’ C f)tﬁ'g'taryn biplar to that
250 aAShdRtiord 86/ WithIréypBdt to the single layer transducer.

Thus a suspension of piezoelectric ceramic particles can be deposited onto a rod using
electrophoresis. The deposited layer is thoroughly dried before the outer surface is
coated with a uniform layer of metallic paste, such as platinum paste. A second layer

30 of deposition can be performed io produce a second ceramic layer.

The deposited layers are heat treated by heating in a furnace at between 500°C and
1200°C, to thereby solidify the particle layer and burn away the rod, 1o thercby a tube



30 of deposition can be perforned to produce a second
ceram c | ayer. The deposited | ayers are heat treated
W()20658¢2646g i n a furnace at between 500C and FPROGG20040000037
thereby solidify the particle layer and burn away the
rod, to thereby a tube WO 2005/ 002646

PCT/ S&004/ 000037 16 fornmed fromthe intact particle

| ayer. The tube is then sintering at tenperatures

bet ween 850C and 1300C to form a dense ceram c tube.

The tube is then allowed to cool, before having the

cl osed end renoved, to there69 5 forma hol |l ow tube
open at both ends, as will be appreciated by persons
skifoimed fram tHeeintaar partidien laysre, The Hubd s theneiiiitering at temperatures
el et?%\ﬁe%ﬁgsdlé ah 1308 hod5im% &Fwé&‘&‘i’amti!‘iub@ positive and

signal s being a led to respective
quadrants of the inner and outer el ectrodes 43, 44.
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However, 1t wil preci ate ha can
5t o TPHLE below h5oPER: ﬁfch"ﬁbertﬁ‘ﬁ i vglfa el byc"&ﬁS"B%s"%g in the
achireved with the transducer, which can |lead to an
i ncreased i nducer rotation speed These techni ques can

be further applied to nulti-layered tubes having a
nunib ese, dife intkBnddiajeeelecimdd hisruseda® R grqund.t withepogifieandinegative

t ubg | l‘é"eglh%%gphe&ﬁrrb%&tﬁrg qh&r&tﬁﬁﬁ?hnéfr'aﬁh b&ér di&ttroddias, 44.

desc w th each additional |ayer
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appreci ated by those skilled in the art. The
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I on e I ézoel ect ric ubes"
15(1 i ot b wtes Nef). i Goves Hesierss wiliee BpFRelpd bk igpner simier to
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20d e waik cpparding epplitaion ehiidled IRigrodacids Tubgh'(ilsH ewrlahncx;ﬁ%*rs@%
2 ta?toasjé%%t VHanBQPbAVHgQOﬁIMFCﬁ!Q& é’otoﬂehEDS' RO eHill Snow  be
the retaining nut 4, e spring 5

In this case,
t haedescribed.

It will be appreciated that the use of a multi-layered tube can be used to further
25  increase the bending displacement that can be achieved with the transducer, which can

lead to further increased inducer rotation speeds.

A further development is for the transducer tube shown in Figure 2 to be used without
the end caps 2, the inducer 3, the retaining nut 4, and the spring 5. In this case, the
30 jiggling motion of the tube body 1i alone is used to induce motion of a fluid provided
therein. In pariicular, the application of the excitation signals applied to causing
selective coniraction and/or expansion of the fransducer body 1i can induce fluid

motion, .



30 jiggling notion of the tube body 1li alone is used
to induce notion of a fluid provided therein. In
W200p064r , t he application of the excitati on POTGASL000037
applied to causing selective contraction and/or
expansi on of the transducer body 1i can induce fluid
noti on. WO 2005/ 002646 PCT/ SG2004/ 000037 17 The
direction of notion of the fluid will generally depend
on factors, such as the frequency of the rotationa
oscillation of the tube ends, ,}he form of the
conpressi on and expansi on, the like. 5 1In order to
aid this, the inner surface of the tube body 11 can be
profiled, to thereby help induce novenent of the

fl Ufrﬁ’e leJw&m of %n@?(&niﬁé ledt\MIE gbrﬁHP&lE/ cfetdérfdaﬁlﬁfééford h@ch as the
tube body 1i co e extend

Wi t n
r adifefue V.%Wsmﬁfgpn?'roam %Oféftﬁfv s, é?%P’% tt%%ﬂﬂwaesswg and
al oagandidreol hatieh of the tube in a spiral fashion
§S|n1lar to the blade 3d 10 provided in the inducer
of Figure 4A). Finally, the electrode portions could
be brarden tpeakd tisy e frhersuriadeall ihg tubglbbdi gen hewaoffied, joghereby help

T opice nbo%eﬂnaﬂ%@ﬁ,@ anHal‘r@ls TOUIERGE, taé tnﬁ&%ﬁ@é&tdf BRI body 11
expansi ons of di anet er g%,t e Ieng‘3 wg 4
t hetqushbe |PFPV!S’e?rd\‘¥He€\‘ bl@ﬂ%erfa'ﬂd"tgofaﬂ@w g1y Bom jiBe sriace, an
useenérhmgmwﬁg tﬁés@@ml d:f&ﬁe ees an iabgitalofashicn (Siylabe the blade 3d
(i g({ Qﬂ ge %gfluding fluid to be punped.
16, mw 'QBPé HPSF OhERTB ¥y by positioning the entire
punp assenbly 17, including the transducer 1 and the

i ndﬁﬁﬁ% % 'cheofeo%rﬁbﬁs Touwé %@%ﬁ%ﬁt}eﬂ%rﬂhﬂ‘erfehﬁﬁli? a]d@wﬁ@ the fluid

exa ure 9
appliavcigthednruged W atsaweéceeqvf@e@tracuonﬁoe P’él@"%’%[ﬁ of H@rfulkﬁed'amet‘%f

Usegoﬂg(ihéifehg‘cﬁoﬁh@tuﬁé iniandnfer irfar fo'peridtdl@s.pi pe. The
L{l will go through of the inside of the tubul ar

ransducer due to the pulling or pushing force
enlaruaé aitb fmy dxserabliestescrisbd @bovet raydhegioupled tatd fom. palibingluding

P#ug{(tg?g& H?J%ggds g?lr%gsn g? Er%%ﬂ &%Q bkgoﬁloﬁfng %e nFlleoﬁ{‘.(rr@aa{sgbmbly_
s hoVh incloding starighasiucer 1 ran@theemdgqﬁ-r 3o p pipg 4P p@ﬁalma%thg Heigni6 to
f O he pumped, as shown for example in Figure 9.

20
The application of suitable electric fields can then be used to drive the fluid to flow in
the pipe. The fluid will go through of the inside of the tubular transducer due to the
pulling or pushing force generated by the axial inducer through rotation,

25 A number of pumps can be provided in a single flow path, for example by arranging the
pumps in parallel, as shown for example in Figure 10, or in series, as shown for
example in Figure 11, as will be appreciated by those skilled in the art.

Accordingly, the system described above provides an axial pump that pumps fluid in an

30  axial direction using the piezoelectric effect of ferroelectric materials. li provides a very
simple configuration with an excellent torque and rotational speed for delivery of fluid.

n addition, it also has a refatively more gradual change of pressure for the fluid driving,

hence is an excellent choice for biomeadical applications.



exanple in Figure 11, as will be appreci ated by those
skilled in the art. Accordingly, the system descri bed

VED 2608/0fsdevi des an axi al punp that punps fl ui d BOT/SGR004/000037

30 axial direction using the piezoelectric effect of
ferroelectric materials. It provides a very sinple
configuration with an excellent torque and rotationa
speed for delivery of fluid. |In addition, it also has
a relatively nore gradual change of pressure for the
fluid driving, hence is an excellent choice for
bi onedi cal applications. WO 2G05/ 002646
PCT/ SG2004/ 000037 18 In particular, one of the
applications is. to be used as a bl ood punp, which is a
heag,t, arti@uﬁ%r‘ he gﬁ}% Q;tﬁﬁcﬁtlgr%t is 'tosbéJﬁ@@ ds& Iﬁbﬂ@pélﬁ'\'ﬁeﬂhlcﬁ Rea heart
punpi n he ventricle, the %% ng N9,
chaffsis de\@eﬁ ﬁhqfrw ys9ccigaapionent e RYmRIRG e'i’ l*%é’& e yRpaicte. the
hashaartpiigihg Blandd ant ages, in that the -pump will
i? nimal 'y 1 nduce vortices in the blood. The punp is

| so driven by piezoelectricity, thus no magnetic
f i elndhig eeyard tiiees pun dgsorien abovestaspt nenber of ladvantapes, i that the

hen;?hg%p it dFFIﬂ'J rlﬁfl alf-nétﬁ‘ét\%gucgs}’ rilt&?e E%B@rw Eﬂfﬂﬂn&?tdléb driven by

fie reduces t
nal pi¢zgnlectriciy, deu%m? aagnetie fivlh PererRigsANg POWRRCQISYARRISD finloys It is

t hen e Rinfradly Qﬁec‘ﬁé‘d@y% AfehRl fhgretid feldshad Rirgahf reG@es the risk of
requirenent. To be "noted that the dinension of the

1%un‘ﬁa]?f‘éﬂ?t'%bd‘ﬁeé‘a%’8%'aa W ficantly conpared with

conventional electromagnetic punps. 15 Thus, the

| ”x@ diRehsfoy ag?t%ﬁ,gwg&éa%fbeggge@a%% .Pe{oq%é &salcanecﬁmém To be

Franctarcthat the dimension|of s PYET et bR ERdUpRS O anttvh%ﬁmpﬁf?é with
abo%%véng&{_mélg&@) ghgt[gp@h&o be inplemented 20 using

alternative transducers that do not use the
I3iezoel ectric effect. In particular, any materia

t hatnus e Rfventid LkaHpié denifadbony proddsr Achxial pdep theés simple,
appl | cat|?n $f a suit&%ﬁe signal can be used to
conSHWRIgN and eAsH P PEHSucer that is capabl e of
performng the oscillatory notion outlined above, to

t h elE %ybe gbg%%&%dqjio%i{]é? Nkt tﬂ@‘.flﬁ‘d@ %chhlﬂué Bﬁ:td Ridy! 6@ ﬁmpl&'ﬁented

t ube coul formed fr
zo, e S¢s||ng@]fgrng’qyp trfapgg@pgg thahea oot use the p:ezoelectnc effect In partlcular any

material that can be induced to expand or coniract under the application of a suitable
signal can be used to construct a tubular transducer that is capable of performing the
oscillatory motion outlined above, to thereby induce rotational movement in the inducer.

25  Thus, for example, the tube could be formed from a resilient but flexible material
provided with muscle wire extending along the length of the tube in circumferentially
spaced regions. In this case, application of a current to the muscle wire can cause the
wire io contract, théreby causing the required deformation of the tube. In this instance,
expansion is not possible and the technique is therefore slightly less efficient than that

30 described above. However, it is only necessary to apply current to one of the regions at
any one time, which can have benefits in the implementation of the control sysiem.



provided with nuscle wire extending along the | ength

of the tube in circunferentially spaced regions. In
WResSgexses application of a current to the MUSKITESGR04000037
can cause the wre to contract, thereby causing the
required deformation of the tube. In this instance,
expansi on i s not possible and the technique is
therefore slightly less efficient than that 30

descri bed above. However, it is only necessary to

apply current to one of the regions at any one tine,
whi ch can have benefits in th: i npl enmentati on of the
control system WD 2005/002646 PCT/ SG2004/000037 19

|t rnivllll beb epapeater ittat cice tbave ddseribed onuennd eed haved 2 prber of

C oyl @:GF%}‘AS b?\lgﬂ&'%%ed@;l fleﬁpﬂlnds C@énbﬁl"ﬁd@s%lé@ﬁ@héaﬂ&s that reqmre

eneral 1’hdustri al @g |cht*
t hatsubre@fglble@uma wijl s nedi ﬂgftﬁcé“*blifﬁﬁ' g yge of @ U pf this ofm.
significantly fromthe use of a punp of this form 5

Furthernmore reliability of the. nakes f
Sus EUrthEranTe; RERbHYNSTshGREMR MAKEF rﬁ@%% TR skl %"Vh’gﬁ%lms Where
Cod S%terfaﬂée AxergEndssus, fsmamplemspaeeepr deap sap phliclions higally,
Fi nal Siuid
dudna %qutcgn F%H; ?E&:mﬁe a@:ﬁcé‘f%%ddde% fd ﬂ? cﬁ?tgésﬁgﬁ ’ft&ﬁﬁffdpﬁl@ uids
beuethapeverageirsiusiy. 10 Per sons Skl [ ed in the art wll
appreci ate that nunerous variations and nodifications
will becone apparent such vari at |
101mocordona eI &1 It Wi GeRsARAS FEL RO g B S gt v
I N HeBgndibp aréﬂﬂ oall sudnevasiatvas dad anodifisaticnk | thati ticbome Ehgarent to

spirit a cope that he

perEsEn SRR 08 eSS Sl g T R HtahE S
A fthunfbnpmrmoédbjrappean'rpg bejork ldegaribed he f 1l ui d punp
including: (a) a flow path; (b) a driver having: 5

(i) a substantially tubul ar shaped body defining a

body axis; and, (ii) a nunber of elenents
circunferentially spaced around the body, each

el ement bei ng responsive to a signal to cause a
correspondi ng portion of the body to expand or
contract in a



direction substantially parallel to the tube axpsr/at04/000037
* 10 (iii) an urging nenber paxitioned in the flow path,
the urging nenber being coupled to the driver such
‘that selective expansion and/or contraction of the
body causes the urging nenber to rotate, thereby
urging fluid along the flow path in. use. 15 2. A
fluid punp according to claiml, wherein the elenents
are piezoelectric elenments. 3. A fluid punp according
to 'clﬁier(rjal:rlnsor claim2, wherein the body is forned from
a 20 piezoelectric material selected fromthe group
- consi'st i nd\ figid.pusp fag bemping,fleid, the finid punpliecludiager ,  and
doubl e | aygr. 4fiowpdminp according to claim2 or claim
3 when ap?bﬁndeg '%V%rcl aim?2, wherein each '
pi ezoel ectric eFerre'i’{’{wn?‘s formed from 25 (a) a common
ePect rode .nounfiled omsubstantiatydubuian stiagedbady ddfihieg bbetly axisiredd,
(b) a respecti g el£alhed eor BRHELR iBimiBantRly Sfacsd bioBiE the
of the body. 5. A %%%aﬁgqrdlrﬂ% to claim3 when
appended to cl ai m Z°Huf8rLFRTeH &Y HRFPInsve th sigpal toycause a
mul tiple |ayer and @rerpomsing foglipe of tha ipddyslaehpand or contract in a
pi ezoel SCt ric el _e.nﬁjl'rgcﬁbﬁsubgﬁntfaﬂ&{qﬂﬁﬁj@elft(ftﬁé"iubé%ﬁs; ano]SPmTDn |
ectrode. posjdtione tween the.layers; a first .
géet of 'r,espech!'i/e 6 e%&ﬁ%@ggbﬁbﬂﬁh%%o'ﬂ tﬁ?ﬁf"%ﬁrf’gp" the urging
surface of the bodembghdeing/RRmDERI SHEET divePBa¢hAthat selective

PCT/ SG2004/ 000037 exdlangi6n armt/cr@emARIcREH 19 bdd§ TRREE it¥eurging
el ectrodes nount ed Qn ,an, o a he baqd

n ter, surface of . .
6. A punp according'to rcﬁoz:# eﬂm8r|egyc'l'_rg'l19rﬁ‘5€' aW‘%F’Si%ﬁ‘X path in
each electrode is #&:ned from o o
15

2. A fluid pump according to claim 1, ‘wherein the elements are piezoelectric

elements.

3. A fluid pump according to claim 1 or claim 2, wherein the body is formed from a
20 piezoelectric material selected from the group consisting of: single  layer,
muiltiple layer, and double layer. '

4, A pump according to claim 2 or claim 3 when appended to claim 2, wherein - -
each piezoelectric element is formed from: ‘
25 : (a) - 'a'oomrhon_ electrode mounted on an inner surface of the body; and |
‘ {b) a respective elecirode mounted on an outer surface of the body.

5, A pump according to claim 3 when appended to claim 2, wherein the body is
. - one of: a muiltiple {ayer and a double iayer, a'nd each piezoeléctric elementis
30 formed from: - ' ‘ - A '
(a) & common electrode positioned between the layers; - :
{b) a first set of respective electrodes mounted on an inner surface of the
body; and '

AMENDED SHEET
CIPEAIRYU



5 a thin metal filmhaving a thickness of |ess tHGEIISG2004/000037

0.001m 7. A punp according to any one of clainms 1 to
6, wherein the elenents extend substantially along
the length of the body. 10 8. A punp according to any
one of claims 1 to 7, wherein the body has a dianeter
of less than 0.1m and a length of less than 1Im-9. A
punp according to any one of clainms | to 8, wherein
the punp further includes a controller coupled to the

el ements, gpe C@%Bﬂ doflf P@b&% QQ rgde%dmdugtﬁa op ﬁg outer surface of

generate electr sl gna hereby causi
sel ective expa ?Qﬂqyand contraction of the el ements.

10. A punp according to claim9, wherein the el enents

: t
af Ccunt or oy miecERuhF (36 for Alh 5 s EEA LB SR ol o
adapt ed fg ‘pge ePH'EIhQ‘t‘@ adighness o leps tiangh@e. t o t hereby

selectively activate an el enent pair such that one of

g_l;_e ? Surrerrgt %'"?%@f}ﬁiﬁg oﬂ@ optg_%ﬁg \/\EA § %%Fetl e e e%%ltttg extend_
control | eP”bisga ga(q ﬂ?’%dh‘tlﬁngﬁrt?”'t?&?@ each el enent pair

in turn, to thereby cause, the elenents to expand and

20 caent r aghuhp a&oﬁjtn?wmy%ﬁg&tclaﬁ‘ﬁs 1369 %ﬁm%?e‘ﬁ] thélgody had s Wineter

d )
2338[ elolnt;’%ftl éﬁ?Pgt & argaglﬁ%ﬂ%beéfnf?éﬁ/ﬁ %1% sel ect ed

f requency, the signals being applied to each el enent

in the eI R FaRp a@&irdlngd“?bvér{}gon@ o?%@ﬁ%ztj ltd:Né ﬁqu & ttl?ef pu%nspofurther '

30 13 Fl]tr%saccor [ ncg to cl
cont r ol | &P & SapTole Prpled tpdharigmants, %@P@*@"?rd)em@éﬁm@ to
kh i nput gshefatal eledtricap sigaals GRGebY, catidiey RN bEISkIVE lexpadbiBe and

adapt ed doftrBEN Rk @letom@al s of between | to. 10000 V
and a selected frequency of up to 40 MHz. AMENDED

‘SHEET | PEA/ AJ PCTI SG2004/ 000037 22 14. A punp
accolddi n@j\ RugP @nserdimgto okincd, auhemin thetelenibdts a?d'@rdd@@j iR Bairs, each

menber i pgit béi%sposmcned in crrcumferent:af opposition, the controller being adapted
20 to generate electrical signals fo thereby selectively activate an element pair
. such that_orie of the elements expands and the other eleme_nt contracts.

11. A pump according to claim 10, wherein the controller is adapted to actlvate
_ each element pair in turn, to thereby cause the elements to expand and
25 _ contract in a cwcumferentral sequence.

- 12, A pump according fo claim 10, wherein the controller is adapted to generate
signals having a selected frequency, the signals being applied to each element
in the element palr havmg a phase difference of 180°.

.30

13. 7 A pump according to claim 12, whereln the controller is coupled to a DC power -

‘source to receive an input signal of up to 1000 V, the controller being adapted

" to generate s:gnals of between 1 to 10000 V,., and a selected frequency of up -
to 40 MHz. ' g
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.(a) a shaft defining a shaft axis that extends g®@N§G2004/000037

the flow path; and (b) a bl azie extending radially from
the shaft, the blade extending circunferentially
around the shaft and al ong the shaft.axis, such that

5 rotation of the shaft causes the blade to urge fluid
in a direction substantially parallel to the shaft
axis. 15. A punp according to claim 14, wherein the:

bl ade extends along the shaft so as to define a

threagy th ' hread varyjng along the .

| engt ﬁ4'of %ﬁghgs%%?@&g {?%yﬁ@.& a’%ﬂ‘ﬂ}/@c@&”fﬁ"ﬁ qrherdnehdns:
14 or cl ai ¥ 15,2 iRk Fefirig e slafisxia thet edendsvlengrtationipath; and

i P\Alar"dlt)yt t(bi/v_ar :Zla thiz@e Sdx@hbing\tadially AReh :ﬂ’ibetsﬁéf@rthe | btad® "&tending
of . substanti all : : s | .

\(/:\}/14 i ndrical . 15é 'r{%féi%waﬂ;amgg%‘gr%'lg'nan?%m?ﬂagg? %(ﬁ'aﬁfx's' such that
erein the shdpiptionsofths, shafigcauses, tha birdego argsofiuill inga tdisection
claim 14, wher aubstdnbay parglieng thaepd¥elkisf ur t her i ncl udes :

end caps for coupling the shaft to the driver. 20 19.

A punp accor di n%, to claim 18, wherein each end cap has

a subgt ant MPyECcardingde pigigoidi whereinsthe padagtendsalengiies shaft so as
angl e of HedefisemthA0, teamictV sl thedfteadVaRtgRIOAS B8 IehA 8f thOshatt.

"qgai m 18 or claim 19, wherein the end caps are coupl ed
to t1ge shaft such that the end caps are urged agai nst
~ends '8t REVFP &S9EIngdle clain 1405 clsin i whereinzthe bladepextends radially - -
accor di nginwardlyltaviard th8shaft agis, ahdihd Bhaft W\ SHe@F: Rutdtanti@@&buylar, and

one of thgedkka aidsp coupled to the shaft by a
resilient menber, "the resilient nenber being adapted

to urge the end cap against a respective end of the
bt ezb&| ech pircp acd6rdiah ok $6, whdein fhelRHiis &peRadi Ng t 0
claim 21, wherein the resilient nmenber is a spring .

havin%g a spring constant of between 0.005 and 0.02

kg/ nit AMEN%BT Berto ciaai1q. whereln tearyinsaRe s (0@ Sipiudes end

23. A punppsfocaupling thetshafetothe@nwr.of clains | to 22, the

punp bei.ng adapted to be ' '

20 19, - A pump according fo claim 18, wherein each end cép has a substantially
frustroconical shape with a cone angle of between 60° and 70°.

20, A pump according to claim 18 or claim 19, wherein the énd caps are coupled fo
the shaft such that the end caps are urged against ends of the piezoelectric
25 elements. ' '

2_'1. A pump according to claim 18 or clalm 19, wherein at least one of the end caps

' is coupled fo the shaft by a resilient member, the resilient member being

adapted to urge the end cap éga’inSt a respective end of the piezoslectric

30 elements. ' | .

22. A pump according fo claim 21, wherein the resilient member is a spring héving
a spring constarit of between 0.005 and 0.02 kg/mm.
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.coupled to a circulatory systemto punp bl ood. %@T’/ﬁ}2004/000037
fluid punp for punping fluidcds the fluid punp
including: 5 (a) a flow path; (b) a driver having:
(i) a substantially tubular shaped body defining a
"body axis; and (ii) a nunmber of piezoelectric
el ements circunferentially spaced -around the body,
each piezoelectric el enment being responsive 10 to a
signal to cause a corresponding portion of the body to
- expang, or contract .in a direction substantially
par al el - APYRACoqipgto 20y ane of Hlaimy ite 23, thegrumg baing adagled to be
in the fl eauplg¥de hciguketontsysiem tapampblbbde expansi on
~and/or contraction of the body urges fluid along the

flowpath in use. 15 25. A flujd punp according to
ol ai aa, AMREPETR T Reiiaduie; e it tiew moipa
piPezoel ec{®i c allevepdtial sel ected from the group
consi sti ngy)of . a 8iRBARiIngaYyer, multiple layer, and

doubl e layer. 20 26. A ccording to claim25,
wherei n the pi é’zoel%%{bﬁg'ij’%% $fiapgcsbogy,defiging a body axis; and
nul tiple |ayer(ihnd aloubhee of aigzeiecttin diementy) cieduefaeritially Spaced
formed from (a) a £QRERR BHEehh B cldetfithe gg&g@&ﬁive

tge layers; (b) a fti st slet_ of respective electr
mount ed on-an i nner'® §i¥9AC8 G¥SehEOTeRRANING Aprtiorpef the body to
second set of respaspander sbrdmttrindatirection stissthntialy aarallel to the

outer surface of tue RRIMe diér %e@gpa‘tﬁg}}bg?%mg ggﬂ?gaﬁt\ Quch that

claim 24 or claim26 when appen arm )
wherein each pi ezG8PEY PPE %"é’ﬁ’ﬂ/ﬁ‘i cqnigagipf} pfethe bady Higegfuid
(a) a common el ect eodetheBompadingse. an | nner surface of
Ishe body; and (b) a respective el ectrode nounted on

an ter ,surface of the body. . A punp according to
cl aioér‘}r)i 26 pr'cngrin%affrd"égagwg%'%%‘?r%ﬁ@"‘bgﬁen@dfd'“r fREBed fre @
a -t hin wriseegleckic | material iselectad frbm cther @smip afondisting df:halmyle. layer,
0. 001 m muitiple tayer, and double layer.

- 20 26. A pump according to claim 25, wherein the piezoelectric material is one of:
multiple layer and double layer, and each element is formed from:
(a) a common electrode positioned between the layers;
(b) a first set of respecti've electrodes mounted on-an inner surface of the
' body; and ,
25 - {c) a second set of respecﬁve electrodes mounted on an outer surface of
| the body. | '

27. . Apump according to claim 24 or claim 26 when appended to claim 25, wherein
each plezoelectric element is formed from:

- 30 (a) a comnjon electrode mounied on an inner surface of the body; and

{b) a respective electrode mounted on an outer surface of the body.

28..  Apump according to claim 26 or claim 27, each electrode being formed froma
: thin metal film having a thickness of less than 0.001m.
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- punp according to any one ofa2glains 24 to 28, t
el enments extending substantially along the l.ength of
the body. 5 30. A punp according to any one of clains
24 to 29, the body having a dianmeter of less than 0.1
m and having a length of less than 1 m 31. A punp
“according to any one of claimz24. to 30, wherein. the
punp further -includes a controller coupled to the
el enment's, the controller being adapted to 10 generate
el ectrical signals thereby causing the selective
expard on Aapinp eenardingd iaon oo of ¢i@ime |26 riw 28 Sthe 3Rments Euteyding
accor di ng stsstliail Bloddlthe Rk Stk gog)@ el enents are
arranged in pairs, each pair being positioned in
circunferential opposition, the controller being 15
~ adapt¥d t 6 RyBREEeerdingdp ey ane obdlaims 2Atal28, thedbddikavisgy diameter of
- sel ecti veliags mai 0.1R] MdRbvie BRI of R8BS thaStgh that one of
the el enents expands and the other elenment contracts.
33. A punp according to claim32, wherein the
cont Pl | ef RUBIP Agegstieg) i Byapne iof aleim 246 tecd), ehenirine pam further
in tur n, inCludel %r(@h;b‘ollﬁl%[%‘aﬁed f&t&hcﬁllslaﬁai?é, %wetdanﬁag%%?%g%gpted to
contra i.reu [ i,al sequence. 34. uj
39 o di ngorseth Beahisd St Witesd: sRlSHb T Gppdive abAsor and
- adapt ed t @hirefiendthe elesiagisal s havi ng a sel ected
~frequency, the signals being applied to each el enent

int el LI vi.n hase, di fference of 180. .
25 357 A ﬁﬂﬁﬁﬁg@%h‘ﬁﬂgﬁﬁglﬂﬂgSQ ernahe e(ﬁﬁ&?‘% AP FpRged in pairs,
cont rol | €Ch galcbeif easitipreddn BBumiarential appesitive, the comotEr being
19(:'3 i ?pgt St g@rferél@el_&@ﬁcﬁ%ﬂai]yto btﬁt?@oy%@@&tﬁ/?y Eﬁh’gatggr\ %I/Qnent
adapt ed- e.sigpals o n i
“and a selpé@?%gqﬁ %éeuoé%g% %@F"tﬁ preap aﬁﬁﬁmﬁ‘? %ﬁﬁ\'?%%ﬁ”adg
SHEET | PEAfAU

- 3a. A pump according to claim 32, wherein the controller is adapted to activate
' each element pair in tumn, fo thereby cause the elements fo- expand and
20 confract in a circumferential sequence. -

34, A pump according to claim 32, wherein the controlier is adapied to generate
signals having a selected frequency, the signals being applied to each element
in the element pair having a phase difference of 180°.

35. A pump according fo claim 34, wherein the controller is coupled to a DC power
source fo receive an input signal of up to 1000 V, the controller being adapted
to generate signals of between 1 to._1(_)000 Vop and a selected frequency of up
to 40 MHz.
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