PUW Field of the Invention The present invention
relates to a punp for punping fluid, and in

weandsioozd4ar, to a piezoelectric axial punp sui pabise200a/000037
use as a heart punp, or the like. Reference to Rel ated
Application 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 "Punp” filed 1 July 2003 in
respect of and claimng the priority of the
provi si onal application numbell 60/415, 855. Descri ption
of the Related Art The reference to any prior art in
this specification is not, @auMphoul d not be taken as,
an acknow edgenent or any form of suggestion that the
prior art forns part of the commobn general know edge.
Cur Fieldtdfyhe Invendioof t housands of patients suffer from
heart failure worl dw de. For exanple, a patient in the
US has suffered with heart failure for npst of her
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shared the sanme di sease and died at age 32 nore than
20 years ago. Devel opment of a heart assist device
t haRefesancb® ReltbdiApditatiot 0 t he body and hel p the heart
to punp the bloodd is necessary in aiding patients with
such conditions. Conventionally heart punps are

10 npRefetenceels adet el grovisional glatant peniedjiae tbeberuGAYS 5,855 filed 2

Hoveugher 808 BtiE “HulipSaddohanasid Derutifty applidatio mRberalo/s11,306
Suc t par at us

probl ems, such as the fact that the a IS "
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be ajdiesibedurher 6orésrasal magnetic fields. Furthernore,

the operation of the punp can |lead to the generation

of vortices in the blood.It is therefore necessary to
1devBesspiptiometthe Rplated Arhat can assi st the heart to punp

t he

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.
20
Currently, tens of thousands of patients suffer from heart failure worldwide. For
example, a patient in the US has suffered with heart failure for most of her adult life.
Diagnosed at age 25, doctors attribute 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.



bl ood to the whol e body at heart failure. In

particular, it is desirable that the punp is small
woOigistoordds ght , has a | ow power consunption, doeeTsaR004/000037

generate vortices in the punped blood and is mnimally

affected by the external factors, such as magnetic

fields. An exanple of a piezoelectric rotator is shown

in US-6,388,364. In this exanple, the rotator uses

pi ezoel ectric nenbers that operate to expand and

contract in a predeterm ne manner to cause rotation of

a ring. However, the perforna%ce of such

configurations is limted. In particular, the
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fluid punpi ng applications. Furthernore, rotators

t hi Sgn#'ovqr%r*?wg*& S 3 lOMeRoMer consHERopnetestngt genetate ortices i the
t heguafped @logerzed ad hjhirkdlg Witadd By tHer exiidritl dadi&PuBE as magnetic
Sapgb ations. Summary of the Invention In a first
broad™formthe invention provides a fluid punp for
punping fluid, the fluid punp including: a flow path,
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fluid along the flow path in use. Typically the
el nts are piezgelectric elenents. The el ements
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YNy oEtbedmEntibst antial Iy al ong the length of the
body. The tubul ar shaped body generally has a di aneter
o S50 PP Bt By FAR ERBA, Rl bR ot A Gy s
wi tHme daHudinioe 20%dve path,i @ driver having a substantially tubular shaped body
defining a body axis and a number of elements circumferentially spaced around the
20  body, each element being responsive to a signal to cause a corresponding portion of
the body to expand or contract in a direction substantially parallel to the tube axis, and
an urging member positioned in the flow path, the urging member being coupled to the
driver such that selective expansion and/or contraction of the body causes the urging
member to rotate, thereby urging fluid along the flow path in use.
25
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.

30  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.



el ement being formed froma conmon el ectrode nounted

on an i nner surface of the tubular body and a
woesp@otdsge el ect rode nmounted on an outer surf aC®Sab004/000037

the tubul ar body. Alternatively, the body can be forned

froma multiple |ayered piezoelectric materia

i ncluding a doubl e | ayered pi ezoel ectric naterlal,

each piezoelectric elenment being forned froma conmon

el ectrode positioned between the |ayers, a first set

of respective el ectrodes nounted on an inner surface

of the body and, a second set3of respective el ectrodes

nount ed on an outer surface of the body. Each

electrode can be fornmed froma thin nmetal film having
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control l er being adapted to generate signals to

thereby selectively activate an el enent pair such that
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actrvate the elenent pairs in turn, to thereby cause
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seq*#ﬁéwﬁqp gEh@ranftmqe? RBlLAR %ﬁﬁ&ll@ﬂc&uﬁle&l NAS élbﬁer&é moﬁtrouer
havi ng a sel ect'ed %uency nal s ap

eac e a4gieel t ﬁe'i%aée &l°g F'gﬁ%l? Fheffr‘gv CAGIY Eﬁ a%ct've expansion
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coupled to a DC power source to receive an input

signal of up to 1000 V, the controller being adapted .
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general l'y 1ncludes a shaft defining a shaft axis that

ext eqierdively @mlgate an element pair such that oné of the elements expands and the

other element contracts.

20  The controlier is typically adapted o 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 to receive an input
signal of up to 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 along
the flow path and a blade extending radially from the shaft, the blade extending
circumferentially around the shaift and along the shaft axis, such that rotation of the

shaft causes the blade to urge fluid in a direction substantially parallel to the shaft axis.



the flow path and a bl ade extending radially fromthe

shaft, the bl ade extending circunferentially around
woheosgozdss and al ong the shaft axis, such that pcosSa2éano0037

of the shaft causes the blade to urge fluid in a

direction substantially parallel to the shaft axis. The

bl ade typically extends along the shaft so as to

define a thread, with the pitch of the thread varying

along the length of the shaft. The shaft may be

substantially tubular, and the bl ade extending

radially inwardly toward the ghaft axis.

Al ternatively, the shaft can be substantially
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of the piezoelectric elenments. In this case, the
resilient nmenber can be a spring having a spring
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signal to cause a corresponding portion of the body to
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par 41 thig|cageptheresilieniyaeraier §an RerfeSring Y@4ndFeTRige amS?ﬁtféaetween
i N ploes bddvonaiimsuch that sel ective expansion and/ or
contraction of the body urges fluid along the flow

path in use.

20  The pump can be coupled to a circulatory system to pump blood, or the like.

In a 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 parallel 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.



It will be appreciated that the driver may be siml ar
to the driver described above with respect to the
woiostoosead form of the invention. AlternativebPgT/SG@4/000037
el ements nmay be adapted to extend circunferentially
around the body, wth a nunber of elenments being
provi ded al ong the body. Typically, an inner surface
of the driver can be provided with a profile, to
thereby aid the urging of fluid. Brief Description of
the Drawi ngs An exanple of the invention will now be
described with reference to the acconpanying draw ngs,
in which: Figure 1 is a schematic diagram of a punp
30 CAkghdligely, thd Blemients andyl Be’laddﬁtegiumeex%nﬂazlraursfehﬁumy iagound the
iagram.of an e of tr|c transducer
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nale type axi al inducer; Figure 3B is a cross
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ure 3A; Figure 3Cis a cross sectional view of
ﬁheﬂ?ﬁauwéfﬂ%ﬁ Figure 3A coupl ed to the transducer of
Figure 2; Figure 4A is a cross sectional view of a
e type axial inducer; Figure

¢
Irégefj)eégpb‘%t?"%&e%ﬁm“g@l ew of a second exanple of a

femal e type axial inducer coupled to the transducer of
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an external 1 nducer cou
1Qraﬁ@w@9%m1%WdFlgure 2; Figure 6A is a plan view of

t heF@br@QH 2e@smatc cﬁa@?arﬁ Bfadyb‘hﬂ'iécé@éord?ﬁg tghr@qﬁ\%nt?on Figure

6B iS a schematic side of ef or pma
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15 Figure 3C is a cross sectional view of the inducer of Figure 3A coupled to the
transducer of Figure 2,
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 seclional view of an example of an external inducer coupled to the
transducer of Figure 2;
Figure BA 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 parallel; and
Figure 11 is a schematic diagram of two of the pumps of Figure 1 in use in series.
30

Detailed Description of the Preferred Embodiment



Figure 9 is a schematic diagram of an exanple of the
punp of Figure 1 in use; Figure 10 is a schematic
wdizegroara4of two of the punps of Figure 1 in usectTsG2004/000037
paral lel; and Figure 11 is a schematic diagram of two
of the punps of Figure 1 in use in series. Detail ed
Description of the Preferred Enbodi nent An exanple of a
punp according to the invention will now be descri bed
with reference to Figure 1. In particular, the punp is
formed froma tubular shaped transducer 1 coupled via
two end caps 2 to an inducer 8. The end caps are held
under tension via a retaining nut 4 and a spring 5, as
S hommaxain‘plelﬂfe pums @tdoddingto tres igveatic il eova e tiésedbetiavith neference
%ﬁﬁ £l causi ng sel ective contraction and/ or
expan on ‘of the transducer. The expansion or
contraction of the transducer is used to induce an

OSCjy ﬂaﬁfc&éui/ tHégJu}nﬁrh {ofnddfFort & ABSAHSRpe® RS dudthk Q:Bupled V|a two
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SappP1dedrs ? el igducsi Tha gt earsiaee ehindguivedrs(iz A f%tfﬂ%wg nut 4
r ot @&{d dpried 5,ta8ehdwaducer causes fluid to be urged al ong

a flow path, thereby providing a punping action. The
manner in which this is achieved will now be descri bed
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t he?ﬁd']cﬁré%jalﬁglgﬁ of tfle Qérﬁa&%k &%k kﬁ\anglﬁnﬁ‘elségﬁﬁgd'tion bithe transducer is

cul ar an exa I'ezoel ectric transducer
10 s W\Am'nﬂwermméclﬂ?&rampﬂqmn megtﬂnéduzer ongs, drhishrrausen éhe inducer
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plezoe ecC

i an i nner C
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coaﬂm@mgaﬂman outer electrode la. The outer el ectrode
la is divided into four portions, which are

circunferentially spaced around the outer surface of
15 heThasbennet in whishl thishib ephieyed wilaparbatdeerribgd i meredgiall, with respect

Eac{a a%le%fﬁﬁu@mvhmﬁét@ns@é&ﬁygézoaleetﬂgtraﬁseudeengt h of the
tube 1li, as shown. The di nension of the piezoelectric

tube can be sel ected and opti m zed according to the
In particular, an example of a piezoelectric transducer is shown in more detail in Figure

2. As shown, the piezoelectric transducer 1 is formed from a piezoelectric tube 1i
20  having an inner surface coated with an inner electrode 1b, and an outer surface coated
with an outer elecirode 1a. The outer electrode 1a is divided into four portions, which
are circumferentially 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 the required piezoelectric 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



practical application. However, typically the

di nensions are within the follow ng ranges: Quter
wdizeosmozie 1h ranges from lmmto 25nm | nner di ROESE2004H00037

ranges fromO.1lmmto 24nmm and Length 1f ranges from

5mmto 250mm In order to provide the required

pi ezoel ectric effect, the tube 1i is forned froma

pi ezoel ectric material such as PZT (Lead Zirconate

Titanium, nodified PZT, or the like. It is preferable

that the tube is formed froma nechanically hard

mat eri al having a hi ghpi ezoel&ctric constant d31 and

mechani cal quality factor Qn An exanple of the manner
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form ng a suspension of piezoelectric ceramc
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The el ectrodes 1la, 1b are EI cal ng%
form a hollow tube open at both ends as will be a%precnat Y persons skilled in the

20  art.

The electrodes 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 1i, although other techniques may also be used.

Preferably the electrodes 1a, 1b should be as thin as possible, with the maximum
30 thickness not exceeding 200 um. Similarly, the gap 1e should be as narrow as

possible, and is preferably below 0.5 mm.



a coating process such as brush-paint, screen
printing, spray, sputter or other nethods. The
wehestozdes la, 1b shoul d be adhesi ve enough teCcpsez@anooo3?
frompeeling off during work. In general this is
preferably achieved by co-firing the el ectrodes 1la, 1b
Wi th the piezoelectric tube 1i, although other
techni ques may al so be used. Preferably the el ectrodes
la, 1b should be as thin as possible, with the maxi num
t hi ckness not exceeding 200 nm Simlarly, the gap 1le
shoul d be as narrow as possibBe, and is preferably
bel ow 0.5 mMm After coating the electrodes la, 1b onto
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silicon oil. In use, electric signals generated by a

control system (which will be described in nore detai
bel owseaiertrmidnals det@atbd by @udngpl sybtemt(whickewillde wissaniged in more
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trans ucer ectrica con ctin
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ground connection wire (not shown) is also applied to

the inner 1b electrode in a simlar manner. In this
casa, gréune cparssctiononirea{notistioarh) i faisogippliscto wher inérstb electrode in a

Connl%‘ﬁér anngr ﬂ’l ‘us chortﬁe I'[IOI‘I Q%vhygh [ groindWife is connegted is not
At he

ferab y connecte er electtrode 1a
1ﬁodammp@§|t|ons 1d, mhlch are S|tuated at 0.23 tines
the length of the tube 1i (i.e. 0.23 x 1f) as shomn
The_reason for this is that the tube w oper at e
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20M | lexplained in more detail below. At the nodal position 1d the net dlsplacement and
hence strain during the flexing procedure will be effectively zero. Thus, the wire will
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 to undue strains.
25
It will be appreciated that a number of different 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 shaft 3b. As shown,
the blade extends radially outwardly from the shaft, and extends circumferentially

around, and along the shait, so as to define a thread.
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(such that there is a greater pitch at the bottom of the inducer as viewed in Figure 3),

20  and accordingly, in this example, the fluid is urged in the direction of the arrow 7.

However, if the volume gradient along the length of the inducer becomes oo 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 'not 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

#
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20pr c;mtmsgwoﬁlmlohc.'iIhMed foeoptimize engagement between the end cap and the
transducer, thereby ensuring efficient rotation of the end cap. Thus, for example, the
profile may take the form of a saw-toothed profile on the end cap surface 2a, or on the
end of the transducer 1, with corresponding projections being provided on the end of
the transducer of the end cap surface 2a.

25
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

30  3c, 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.
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Figure 4 a screw thread 3e is provided to allow a
se@é’ﬁﬂ“éﬂ:dg%%\ﬂ)‘-”z to be coupled to the cylinder with
the spring 5 and the retaining nut 4, as al so

In use, the spring is used to ensure that mechanical engagement is maintained
20 between the end caps and the transducer at all times. 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 fitted 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, alternatively, 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.
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pordignelssan 9 usep4g cause selectlve deformatlon of the body 1i. In partlcular in the

present example in which four elecirode portions are provided, the application of four

alternating signals to the electrode portions 1a1, 1a2, 1a3, 1a4, that are respectively

20  90° out of phase, will cause an oscillatory motion of the fransducer in which the ends of

the transducer will trace out substantially circular paths.

Thus as shown in Figure 6C, at S1, a first positive signal is applied to the electrode
portion 1ai, with a negative signal being applied to the electrode portion 1a3, and no
25  signals being applied to the electrode portions 1a2, 1a4. This causes the transducer to

bend towards the right hand side of Figure 6C.

At S2, a positive signal is applied to the electrode portion 122, with a negative signal
being applied to the electrode portion 1a4, and no signals being applied to the electrode

30 portions 1a1, 1a3, thereby causing the transducer to bend into the page.
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25 1o 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 art, the circuit shown in Figure 7 inciudes a
frequency generator 10, coupled to a phase shifter 11, a current amplifier 12, and a

30 voltage step-up circuit 13.
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the desired contraction/expansion in the body, and which are separated by 90°. The
20 signals can then be applied to the electrode portions 1al, 1a2, 1a3, 1a4, as described

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
75  electrode 1b. The power source offers a range of frequencies from 10 kHz to 200 kHz.

It will be appreciated by persons skilled in the art that other suitable power sources

could also be used.

In any event, it will be appreciated 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 portions 1al, 1a2, 1a3, 1a4, are

shown. However, other numbers of elecirode portions may be provided. In order to
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20 layered piezoelectric tube is shown with the double-layered transducer including first

and second ceramic layers 40, 41 separated by an intermediate electrode 42 inner and
outer electrodes 43, 44 are also provided and are sectioned into quadrants as shown.
However, the number of layers may be other than two such as, for example, three, four,
five, six, and so forth. The fabrication process may be substantially similar to that

725  mentioned above with respect 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 metaliic paste, such as platinum paste. A second layer

30  of deposition can be performed to 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, to thereby a tube



adj ust ed dependi ng on the nunber of el ectrode portions

la used. Thus, for exanple, in the case of six
wehewstozde portions (arranged in three opposi NngCPAGR@W/000037

six control signals would be applied, each of which is

separated by 60 phase difference (wth each el ectrode

portion in a corresponding pair receiving signals

phase separated by 180). A devel opnent on the above is

for the transducer to be formed froma nmultiple

| ayered piezoelectric tube, an exanple of which is

shown in Figure 8. In this eXanple a double |ayered

pi ezoel ectric tube is shown with the double-Ilayered

tr ahpedieem hadhtaeti pgticld fagdr. ahel tgmcionitien sintaning at dgreegatures

40, 41 s at | nt ectrode 42 inner

an&e%’ﬁ?ré%gzﬁt’ %%fﬁggégstgﬂ%# gﬁ“%ﬁ% gf@ggépr ovi ded and are

sectioned into quadrants as shown. However, the nunber
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our, six, and s forth. The fabric

Spr dermeshaliew tube ogerbaitbaii gnds: |a5 Wall be 3RRFecialPdy PETSAEHY '"8% e
abgye with respect to the single |ayer transducer.

Thus a suspension of piezoelectric ceramc particles

can be deposited onto a rod using el ectrophoresis. The
depgasd, e ihtayediateselédrodeoddyislugedias @ drduad,oris pobitverdgiegative

f OU roqes
> uéggclggéln%g;%@é%% %@ptealvg Mrefng thﬂeqxﬁé'r aﬁ& r@lt e?édt bdes 43, 44.

num as e. A second
10d e pl‘dus;| théreforegaquirge agriitiona reaiee! plgn%ﬁ' oldenever, |t g@blaﬁ]aopremated that

Certﬂgncgn beYRH to -Eet%a@hﬂg%éﬂoﬂ@ dls%)é@érﬁerﬂl’d%t B&abe ddh@aséddith the
eating in a furnace at E ﬁe ggoc and 1200C, to
t héfaéwc%‘f o‘i""'"ﬁﬂ 52y lqad &0 FHPFPRSPRINAURPEIP AR SRSGF N away t he
rod, to thereby a tubefornmed fromthe intact particle
I ay. The .t ube i hen si I Qi
bt e =BRUHES A De 30BO Pl T A Rhere TREE BalhE nupber of
15Thdayershie (wherd Ke). & thiswes, the teesIwill basiebiicateldy 2 MNP gimilar to
cl qg&%@&fﬂgé %H&%e%th %Q&Et éb%ftl@l@f dyef %Iﬁ% Reddsh éveba regRBrive

preci at ed ﬁé ferson@ . iat
s k| intemsapdiate qlmro%ﬁ ﬁuchﬂfmat EPéé tubﬁr‘ilé"%'t'éﬁy diheieereid dgrgagate
42 hiserbeRd Wi RIdEHRY f'\dwer whd lbufep Sleciraties aethgnprgeitiédy eas will be

fh%%!’e;ﬁ%gbg?@pg pl(h P%%eag‘tes'@\e% Alcg’uoﬂ %?guc%rg tibd T otegtglbed in
20  our co-pending application entitled "Piezoeleciric Tubes" (filed as serial no. 60/416505,
aftorney docket number DAVI192.001PRF filed October 03, 2002) will now be

described.

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 particular, the application of the excitation signals applied to causing
selective contraction and/or expansion of the transducer body 1i can induce fluid

motion.



This therefore requires additional control signals.
However, it will be appreciated that this can be used
woaoisnmoza@ase t he bendi ng di spl acenent that canPO®SG2004/000037
achieved 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
nunber of layers N (where N 2). In this case, the
tubes will be fabricated in a manner simlar to that
descri bed above, with each aqﬁitional | ayer being
deposited over a respective irnternedi ate el ectrode,
such that for a tube having N |ayers, there are N1
internmedi ate el ectrodes, with additional inner and

Out- Rl Hiebfo g @%&ﬁh% Rk ﬁlfnfpWIIId§‘f§|lmara@lﬂy‘5 d¥hdnb &efactors such as the

appreci ate ose he art.
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nut 4, and the spring 5. In this case, the jiggling
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ap pﬂlqmctathecmrduoéd Vihe semnqemfucgmiragwﬁ ar sxpapiwnSé& thegube diameter
Cauéb:g@%@@h@ggv}{%usemtafrﬁe%ér%nmﬁpﬂlpeﬁsta&pansI on of the

t ransducer can i nduce fluid notion. The
1Mirection of notion of the fluid will generally depend

on jhagé Qﬁ&pun@&s@elﬁﬁleﬁ Bé&scfiicaqueveayaytie dohpled ttaaftoworedt including
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pr ogé é)l.ﬁ\gped,ta% s"ng\ﬁﬁ Bpé(xanﬁlleﬁh Figure 9.

20

w

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. It provides a very
simple configuration with an excellent torque and rotational speed for delivery of fluid.
In addition, it also has a relatively more gradual change of pressure for the fluid driving,

hence is an excellent choice for biomedical applications.



i nduce novenent of the fluid. Thus, for exanple, the
i nner surface of the tube body 1i could be provided
woi20ds/0@2dab ade extending radially i nwardly fronPClSG2004/000037
surface, and extending along thé I ength of the tube in
a spiral fashion (simlar to the blade 3d provided in
the inducer of Figure 4A). Finally, the electrode
portions could be arranged circunferentially, allow ng
the fluid flow to be induced via a sequence of
contractions or expansions of the tube dianeter along
the length of the tube in a finner simlar to
peristalsis. In use, the punp assenblies described
above may be coupled to a flow path including fluid to

tbﬁérp EJF{?C%%T o-l:\g of tHeSagEI}r% |o‘ﬁ§ é 14 tﬁ%b@!@ d biYd ReSp, tWI'ﬁ’dH i@ heart

i ncluding the transd cer
1 qssttdedioes that i Usgd |t%ﬁwpé?"ﬁ‘bg‘el@"@5ﬁt%q"w HfgthPrYént”Ce the

fI%bgigﬁﬂﬁ Reapbgped, as shown for exanple in Figure
9. The appllcatlon of suitable electric fields can

5then be used to drive the fluid to flow in the pipe.
tThern fHaéHe@ar‘d/ld‘[He ;gumptdzewu»gm abdvetHae a mankee obfdvahtegesu iuthalr the
ransducer due r
geﬁgpgt \g@ I’Bly n}aﬂyé atuce v8|!tl !:é [A9th8 lH&HiS hl*h@gpdcn‘?d' £ also A(\:irlven by

Xl ucer through rotation.
nu rpiEzoelextriciyi s mparnamethfle&/g&méiﬁteis rang P§W?f9q0§SLF’PP8W [5devh, it is

f orheﬁ&%qﬂmn%")bé(ﬁe@{eﬁ @V%@Qte?n@ﬁné&ﬁ@‘ﬁ?ﬁhe!c@ aR@fafgelyabducasthe risk of

own for exanple igure 10, or in series, as shown
10f oﬂnéé-fé&‘ﬁffﬂn@UPﬁPﬁF"FQjQﬂ‘@C@’:E as will be appreciated by
those skilled in the art. Accordingly, the system

descri bed above provi des an
3R PSR R R N5 b, i R To o
ef freed thét the rdintmksien tof ihe pratpesanalbes redugedpgignificadly gempaieg with

Si MRl &k él%o%#r%ﬂc%)ﬁrﬁdg an excel l ent torque and

rota |on Speed Ivery of fluid. In addition,
15it also has a relatively nore gradual change of

Pr efkliRe friREntoR @xdrhplé Hesdfitedi dbgve HrEoVIges drsaxdh pexp diak &ndimple,
choice for blonedlcalggggllcatlons In particular, one

of 'tgh"é"’%%'ﬁﬁﬂ%%ﬁs}'ma”i” be used as a bl ood punp,

which is a heart assist devices that is used to
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heat t¥
20  using alternatlve 1ransducers that do not use the piezoelectric effect. In particular, any

material that can be induced to expand or contract 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 1o contract, thereby 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 system.



o In this regard, the punp descri bed above has a
nunber of advantages, in that the punp will mnimally

wondisme2e4erti ces in the blood. The punp is al seCcuiSGL@a000037

5

by piezoelectricity, thus no magnetic field generates
and power consunption is low It is hence mnimally
affected by the external nagnetic fields and | argely
reduces the risk of mal-function due to externa

factors. The di nension of the punp can be scal ed
according to the practical requirenent. To be noted

that the dinension of the pdfp can be reduced
significantly conpared with conventiona

el RGiil PEBsHIRICIafd HAPSHe abous desdiibed pumptdopld keveanp ngmber of
descri bed abov I OVi i . il i wire
| geaiarg o BRG e el bl iR b cporg iables
apa senieadisel pnaeily benefittsigatficari frern éheaise ebhpHLRS thisdaiMy

al so be inplenented using alternative transducers that
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o construct "a tubul ar transdugcer :
o GHRP A RSB BTSRRI e g e SUB) obxd F6aPR TP fuice

t hgyigdeverageimaustrgt at i onal movement in the inducer

Thus, for exanple, the tube could be fornmed froma
resilient but flexible material provided wt

ed h myscle .
10Wi Perseng skilldd inghesdromit apiiesiateingt YNgroup Hariatiofsand ﬁ%]dl?lcatlons will

ci rb%c%rHeeé Fein?lAllysﬁﬁ%ﬁéiioﬁé?ﬁh@ﬁﬁodifibﬂioh@itlﬂat Gas®ne apparent to
appl i catiron o

a current to the e, w.re
¢ heesmprecsHiled ighe FENOU Fe pasoRd R Pl gRPHANT s apdeces tnt
defyeyimmhiidibrédklytapgestindissiort dedchibesi. i nst ance, expansi on
is not possible and the technique is therefore
slightly less efficient than that described above.
However, it is only necessary to apply current to one
of the regions at any one tinme, which can have
benefits in the inplenentation of the contro
system It will be appreciated that the above descri bed
punp coul d have a nunber of applications beyond the
nmedi cal field. Thus, general industrial applications
that require



a subnergible punp will benefit significantly fromthe
use of a punp of this form Furthernore reliability of
woheosporqac makes it ideal for use in environnmenPeTsae008/000037
mai nt enance may be an issue, for exanple in space, or
deep sea applications. Finally, the punp can be used
in sinple applications due to its |ow cost, such as
punping fluids in the beverage industry. Persons
skilled in the art wll appreciate t hat numnerous
variations and nodifications ¥n becone apparent. Al
such vari ati ons and nodificat(bns t hat becone apparent
to persons skilled in the art, should be considered to
f al Theglaimein the spirit and scope that the invention
br oadl y appearing before descri bed. The clains: 1. A
fluid pump f g fluid, the fluid punp
|ncFudln@ﬂ“Pﬁym%“¥P%mPﬁﬁﬂPW*mEﬂWdBUGPF@@@”%aV|ng (i) a
substant@allyaﬂ@puhmr shaped body defining a body
Xi s; an (||% Eunber of elements circunferentially
paced a und®PRE" ; each el enent bei ng responsive
to a signal t()) cauawtataoﬁallye@pemﬂ\hp@l hody defioing abodyexis; and,
body to expan c
substanti al | y ar a an@r b ﬂée]m%lj grr%)%%rgﬂ'a%s?a%d around the
ur gi ng nmenber posi PQ%n%@NQ‘P’Qﬂ‘?’éW”ﬂ%WSMﬁ'MG iq ﬁé'gl]@gf-’ ﬁguse a

menber being coupl @dﬂregﬁbna.hgpdrrbn/srmau tbreabanaedresﬁtra‘éema
@xpansron and/ or c&ntractron ]& ﬁﬁ p y, gauses

1Qr gi ng menber to rfesTR subsiatialy,paralielito ey Eraﬂsaﬂngng

the fl ow pat h(iii)n usre urgthg Weberi gbspiumgal @cibe rildiwvnghti, othe urging

claim1, wherein tpe gl epBi Sodid B HOGhRFIALS that selective

el ement s.
expansion and/or contraction of the body causes the urging

member 1o rotate, thereby urging fluid along the flow path in

15 use.
2. A fluid pump according to claim 1, wherein the elements are piezoelectric
elements.
20 3. A fluid pump according to claim 1 or claim 2, wherein the body is formed from a

piezoelectric material selected from the group consisting of: single layer,

multiple layer, and double layer.

4, A pump according to claim 2 or claim 3 when appended to claim 2, wherein
25 each piezoelectric element is formed from:
(@ a common electrode mounted on an inner surface of the body; and

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

5. A pump according to claim 3 when appended to claim 2, wherein the body is
30 one of: a multiple layer and a double layer, and each piezoelectric element is
formed from: '

(@) a common electrode positioned between the layers;



3. Afluid punp according to claim1 or claim 2,

wherein the body is fornmed froma piezoelectric
worb@sroozd4e sel ected fromthe group consisting oPCTSGRgHMO0037

| ayer, nultiple |ayer, and double layer. 4. A punp

according to claim2 or claim3 when appended to cl aim

2, wherein each piezoelectric elenent is fornmed from

(a) a common el ectrode nounted on an i nner surface of

the body; and (b) a respective el ectrode nounted on an

outer surface of the body. 5. %f‘punp according to

cl aim 3 when appended to clai‘m2, wherein the body is

one of: a nultiple layer and a double layer, and each

pi ezoel et ri ca Biskyed At respecivgraiastiodes Hipunted Pn gn fnvamawface of the

el ectrode pospdayopgd between the |ayers;(b) a flrst

set of respective el ectrodes myunted on an i nne

surface B t h%s%:@m/set gﬁ@seq:gjlveaelgrgegﬁdn%{ed&p an outer surface of

respective el@ebédyles nounted on an outer surface of

‘%ﬂe body. 6. A punp according to claim4 or claimb5,

erein each electrode is forned froma thin neta

filén havAmgmaattdo'rdiﬂgrt@sleimf orl ofgirg 5t WhereiDe@ Blectrqte ig\fopragddrom

accor di g uhrPmaBinPRsindla ibiietBotlest a0 0BIT €1 11t he

el ement s exteénd substanta I'y along the l'ength of the

body. 8. A punp according to any one of clains 1 to 7,

Wnlevel PhArb?mFQ%brdiﬁbStofthloﬂéfﬁf asimef tb@&rhél’giaﬁhé)elﬁﬂhntﬁﬁﬁend
eng unp according to any
1(glne of cf"gﬁ Wﬁt'aiy ?lﬁnggﬂe éﬂ@?g tﬁé%c?%éf punp further

i ncludes a controller coupled to the elenents, the

congrol I g umgg&g g rg% gﬁ &8:9?'1 4 £ whbBfhlthd t%%k has a diameter

signhals t sel ective expansio
contract Pfdﬁ?ﬁséﬁantoﬁ@ éﬂ‘éﬁ*r@ﬁgtb of less than 1m.

15 o A pump according to any one of claims 1 to 8, wherein the pump further
includes a coniroller coupled to the elements, the controller being adapted to
generate electrical signals thereby causing the selective expansion and

contraction of the elements.

20  10. A pump according to claim 9, wherein the elements are arranged in pairs, each
pair being positioned in circumferential opposition, the controller being adapted
to generate electrical signals to thereby selectively activate an element pair

such that one of the elements expands and the other element contracts.

25 11. A pump according to claim 10, wherein the controller is adapted to activate
each element pair in turn, to thereby cause the elements to expand and

contract in a circumferential sequence.

12. A pump according to claim 10, wherein the controller is adapted to generate
30 signals having a selected frequency, the signals being applied to each element

in the element pair having a phase difference of 180°.



10. A punp according to claim9, wherein the elenents
are arranged in pairs, each pair being positioned in
woiizousiotas ent i al opposition, the controll er bePamy/SG2004/000037

adapted to generate electrical signals to thereby

sel ectively activate an elenent pair such that one of
the el ements expands and the other el enent contracts.

11. A punp according to claim 10, wherein the

controller is adapted to activate each elenent pair in
turn, to thereby cause the elenents to expand and
contract in a C|rcunferent|aI:%equence 12. A punp
according to claim 10, wherein the controller is

adap¥-ed g@urg@ﬁ@p@ﬂtr@ t@tlg'maﬂswhﬁ@ih g canisAipie p@igpled to a DC power

f requencyourdeh@resbighad ﬁpln@gna oae;md ﬁ)@o wthe%srhroﬂér%ﬁaatadapted
in the el enent pair erence

180. 13. R 950R1He 3&9&%!? af f}?@”etea 1&5 é?%oi’ze aMF%?CFthff?@“e“CV of up
cont r ol | praoiMHzcoupl ed to a DC pomer source to receive

an i nput signal of up to 1000 V, the controller being
adapted to generate signals of between 1 to 10000 Vp.p
and14 sehgenpecchrding treanyyone bf algims & tof(B, ivelzrging4nemepingipdes:
accor di ng, to §£Héﬂ?@§?—.‘r§f S ALAS Jx%n&eo’aloﬁg{;tﬁe et and

menber |ncludes nin axl s

that ext ®hds alRag eRendindovadizly Hfo"hﬁ'EP (hyft. athBI lgde extending
extending r adélﬁhhﬁére‘nfemmatrdmﬁd feadnbst ahdd ﬁlobé &d%h@%bﬁ@ (&Jagthat

ircunferentia he shaft nd a o

165 o "stch AR Ph TPt oS R dite i3, RS "W dn A diseton
. to urge fIU|dmmﬂammeammhonm$mwsmant|aIIy parallel to
the shaft axis. 15. A punp according to claim 14,
wherein the bl ade extends along the shaft so as to ‘
def ihe aApPHreagsordingdo gaimcid, wherein thettinde ggendsaang gheshaksp as
the | engiohyefte dthiRad Afditeh dne tﬁreﬁé’@y@&&@rﬁﬁh@ﬂnét@oﬁh@ér{éﬁ
4 or claim 15, wherein the blade extends radially

nwardly toward the shaft axis, 'and the shaft is one
of : 1&ubsAanip atdoyirigub lamum 14 anaaimmbswamih ai\d byade éxtends radially

cylindri I‘I:@erly toward the shaft axis, and the shaft is one of: substantially tubular,

and substantially cylindrical.

1

20 17. A pump according to claim 16, wherein the shaft is tapered.

18. A pump according to claim 14, wherein the urging member further includes end

caps for coupling the shaft to the driver.

25 19 A pump according to claim 18, wherein each end cap 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 end caps are coupled to
the shait such that the end caps are urged against ends of the piezoelectric

30 elements.

21, A pump according to claim 18 or claim 19, wherein at least one of the end caps

is coupled to the shaft by a resilient member, the resilient member being



17. A punp according to claim 16, wherein the shaft is

tapered. 18. A punp according to claim 14, wherein the
wanrgisng2aenber further includes end caps for ceapiSGe@4/000037

the shaft to the driver. 19. A punp according to claim

18, wherein each end cap has a substantially

frustroconi cal shape with a cone angl e of between 60

and 70. 20. A punp according to claim 18 or claim 19,

wherein the end caps are coupled to the shaft such

that the end caps are urged agai nst ends of the

pi ezoel ectric elenents. 21. unp according to claim

18 or claim19, wherein at |east one of the end caps

i s coupl adhpted tp hegesthafandipap sageiasfia respectivie Ak f thenriezoelectric

resiliengmesber beingadapted to urge the end cap

agai nst a respective end of the piezoelectric

el enents. 22. A punp according to claim21l, wherein

t he 2? esi hipfﬂllﬂg abaRFHIRY to CRINA2 S Mhkre@ theanebilndgt ﬁheglgéri i$1@ spring having
onstant o et fm A punp
ccordln@swwgﬁﬂ?E@ﬂggﬁwmgngﬂﬁ%mTqﬁgﬂg 't he punp bei ng

adapted to be coupled to a circulatory systen1to punp

bl oggl. f [ I
Ut ne g bethdbatd SRy b orBUIR! 13 20, e Phrp Blipd cddle to e
(i) a sumup@ﬁttqaacllcylatowmyﬁtamt%mgfeéwsody defining a
body axis; and (ii) a nunmber of elenents
AR I RN A s
portion ¢ff thafibepyhto expand or contract in a
dlrectlog»subggﬁﬂﬁh§d4y parallel to the tube axis, the

driver ng arrange 9n the flow path such that
sel ective expénsi oA supstintiglly tubular shaped body defining a body axis; and
(i) a number of elements circumferentially spaced around the
15 body, each element being responsive to a signal to cause a

corresponding portion of the body to expand or contract in a
direction substantially parallel 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.
20
25. A fiuid pump according to claim 24, wherein the elements are piezoelectric

elements.

26. A fluid pump according to claim 24 or claim 25, wherein the body is formed
25 from a piezoelectric material selected from the group consisting of: single layer,

multiple layer, and double layer.

27. A pump according to claim 26 when appended to claim 25, wherein the
piezoelectric material is one of: multiple layer and double layer, and each
30 element is formed from:
(@ a common electrode positioned between the layers;
(b) a first set of respective electrodes mounted on an inner surface of the

body; and



contraction of the body urges fluid along the flow

path in use. 25. A fluid punp according to claim 24,
wohers@orsb he el enents are piezoel ectric el enenPeT/SB8004H00037

fluid punp according to claim24 or claim?25, wherein

the body is forned froma piezoelectric materia

sel ected fromthe group consisting of: single |ayer,

mul tiple | ayer, and double |ayer. 27. A punp according

to claim 26 when appended to claim25, wherein the

pi ezoel ectric material is one of: nmultiple |Iayer and

doubl e | ayer, and each el emedtt is formed from (a) a

common el ectrode positioned between the |ayers; (b) a

first sdt) of aespectet viresfegiive elpdiericayennied opan avitel suraee of

surface of tQﬁ3$) y; and(c) a second set of respective

el ectrodes nounted on an outer surface of the body.

28. A punp according to claim25 or either of clains

26 #Nd 2 pMEAEcERRE QSIS of biteMbiZhaims\Pearel 27 @ tappended to
5pl ezoel ec?rl c el enent conmmon
e

] 1 is forped from,(a),.a C
| ectr oocé'?"'ﬁ'n’ﬁ’ﬁ”("@EF"b??caﬁ'eF????QV'c§ﬁF‘F§td%f°é'?gdth51‘ body; and
(b) a reapectd sstneinatdctraddemounied be en pnergorfangtobthe Hady; ande

of the bpdy. 29. A pu ' Y/ im
28, eac h(g)el ect rre%pcfgﬂ eéﬂ%gé‘f%?@%ﬁ? 4 %"r?no‘gtgftyh ﬁ%‘%r?é?{glbg%]?l m
havi ng a thickness of |less than 0.001lm 30. A punp

accgy din i ir BlBim22B, b&ch2Soctrbdtoeigabmiati S
oxt ond n’gp‘té'ﬂ%?é{&gﬁ?'.gz?ﬁg?g??ﬁ f he |eng(§1h°rof the body.

131. A puhtip meet Bchanig g %Hiﬁsgﬁ'éssotf‘afb‘?- M 24 to 30,

the body having a dianeter of |less than 0.1m and

havj I th of | th . or.di ,
fo dhy hatas Brding % Sph SBor (s 2 16,85 W5, AGAple efhans

substantially along the length of the body.

15 31, A pump according to any one of claims 24 to 30, the body having a diameter of

less than 0.1m, and having a length of less than 1m.

32. A pump according to any one of claim 24 to 31, wherein the pump further
includes a controller coupled to the elements, the controller being adapted to
20 generate electrical signals thereby causing the selective expansion and

contraction of the elements.

33. A pump according to claim 32, wherein the elements are arranged in pairs,

each pair being positioned in circumferential opposition, the controlier being

25 adapted to generate electrical signals to thereby selectively activate an
element pair such that one of the elements expands and the other element

contracts.

34. A pump according to claim 33, wherein the controller is adapted to activate
30 each element pair in turn, to thereby cause the elemenis to expand and

contract in a circumferential sequence.



includes a controller coupled to the el enents, the
control |l er being adapted to generate electrica

weigsa%46 her eby causi ng the sel ective expansi 8aTand004/000037

contraction of the elenments. 33. A punp according to
claim 32, wherein the elenents are arranged in pairs,
each pair being positioned in circunferentia

opposition, the controller being adapted to generate

el ectrical signals to thereby selectively activate an

el ement pair such that one of the elenents expands and
the other el enent contracts.234. A punp according to
claim 33, wherein the controller is adapted to

acgsvat g paﬁhﬁ hacedréing tot clmias wheréino rtivg, canyolteh ésr aslopted dqugenerate

the elene to ex lied t h el t
cireont &' ag\ng 2 ésglgg &ggﬁcgnthé Qﬁ_palé Ebé % app r|1€g o each elemen
33, whemgheaelérhent paintavinh Ia@haaesﬁlf@fﬁam &d8Po generate
signal s having a sel ected frequency, the signals being
applied to each elenent in the el enent pair havin
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bet weenolsdHz2.0000 Vp.p and a selected frequency of up
to 40 MHz.



