WO 2005/ 004249 1 Pi ezoel ectric Tubes Field of the
I nventi on PCT/S 2004/ 000038 5 The invention rel ates

t_g d and apparatus for form ng piezoelectric
u 22’3%04 ﬁd in particular, to piezoelectric tuBe¥5620604/006038

suitable for use as transducers, as used for exanple
in heart punps, or the like. Reference to Rel ated
Application 10 Reference is nade to US provisional

pat ent application nunber 60/416,505 filed on 3

Cct ober 2002 for "Pi ezoel'&OpleFRicTYBe® : and t he basic
US utility patent application nunber 10/611, 401 for

" Pi ezl*gﬁﬁﬁ%'éilrﬁleﬂfi%esn filed 1 July 2003 in respect of

and armng the priority of the provisional
appl i cati on nunber 60/416,505. 15 Description of the

Re| atmed idehtioh helateetes airERd lbad %F;Yarﬁ[lé fF foﬁﬁﬁii iplzédMcHic tubes,

specification is not n hou not be taken as, an
kot E35kRae Blbpe Rt i Bt u s Yot ot o8 for
pri oexample ndwearspympst ordife ikeO0 t he common gener al

know edge. It is known in sone practical applications

of agtuators d transducers, , to use tubular
pi ezgigféé‘ifl"ﬁt‘?;ggﬁﬁﬁ@ﬁ@?ﬁ@?“% For exanple, a tubular

10 ansducer is a piezoelectric cer _arri c tube coated with
el eché@%ﬁé@ iQ Q'E?He {'?)rhé %&iﬁ%&?éa’t@rﬁ QEIFBIH&E)F‘ nﬁnqlgerr %8/3?6 SOEI}i?ed on
outer electrode nmay be 'sectloned I nto quadran s al ong
t he P OWPers@Psir Tirzeeleatio Fubevijang therhasip ng#ﬂmé palentagplisation
gei NEungiied H0B er4didoniFievel saeTIRE" Méd hﬁlr@bﬁt’;hﬁ@%cﬁ& and

e a V. . current.s to se

je s 0 L U T o S e L A
%an be 30 used in many situations, such as a tube
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25  For example, a tubular transducer is a piezoelectric ceramic tube coated with
_eiectrodes both on the outer and inner surfaces. The outer electrode may be
sectioned into quadrants along the longitudinal direction, with the inner electrode
being grounded to allow movement of the electrode to be achieved by applying
currents to selected quadrants of the outer electrode. Such configurations can be

30 ~ used in many situations, such as a iube scanner in scanning tunneling microscope:-

- {STM) and driving component in cylindrical ulirasonic motor. '

A tube scanner, as proposed by Binning and Smith in “Single-tube three-

_ dimensional scanner from scanning tunneling microscopy”. Rev Sci. Instrum, 57,
35_ 1688-1988, operates to move in the x, y and z direction with sub-nanometer
- resolution by extension and contraction of the functional part under an applied



electric field. This design offers advantages of good
structural rigidity, easy calibration and high
resonance frequency. Currently, piezoelectric tubes of
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ium positioning a rod in the
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suspensi on; connecting the rod to a first term nal of
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2?er %i"ﬁ'é‘i‘ PF'F'EE"‘%B supply, -the electrode being in

contact with the fluid nedium and using the power
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positioning a rod in the fiuid. medium; depositing particles on the rod using
30  electrophoresis; and heai-treating the deposited particles to form a piezoelectric
tube.

Typica!fy, the method of depositing the particles includes: positioning the rod in a
container containing the suspension; connecting the rod 1o a first terminal of a
35 power supply; connecting an electrode to a second terminal of the power supply,
the electrode being in contact with the fluid medium; and using the power supply to
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| east sonme of the particles to be deposited on the
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further includes using a magnetic stirrer to prevent
sedi nentation of the particles in the suspension. The
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first predetermmed iemperature, in which case the rod is coated with at least one

conductive layer.

30 The method generally further includes using a magnetic stirrer to prevent
sedimentation of the particles in the suspension.

The method of forming the suspension typically includes: dispersing the particles
into a solvent to form the suspension and adjusting the pH value of said
35 - suspension to a predetermined pH value. '



10 In general, the particles are at |east one of |ead
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met hod may further include applying nmetallic paste to
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tube; and, poling the piezoelectric tube to thereby
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In a second broad formthe invention provides

apparatus for form ng piezoelectric tubes, the
appatiipsing ddabitichsitgn tcluda tiei applicatiorof ao ploatricel figd dn the region
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MD 2060%7.004249 PCT/ SG004/ 000038 contact with the
fluid nmedium a power supply adapt ed to apply a

predetermne voltage to t lec
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CONGagiet WRIuIAS ab@VRY a metallic paste to an outer surface of a layer formed
30 from the heat-treated deposiied particles to form an intermediate elecirode;
depositing further particles on the rod using electrophoresis to form a further layer;
heat-treating the deposited layers; and, repeating the steps to form a multi-layered

-plezoeleciric tube.

.35 In a second broad form the invention provides apparatus for forming piezoelectric
tubes, the apparatus including a container for containing a suspension of ceramic
particles in a fluid medium; a rod in contact with the fluid medium; an electrode in



The heat source is typically adapted to: heat the
+ deposited particles to a first predeterm ned
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ppataggrus of the second broad formof the invention is
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of the invention. Brief Description of the Drawi ngs
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of affe albb & B@t 4 ¥shse b&ahic@dR, arrangenent for use in the
apparatus of Figure 1; 5 Figure 3 is a schematic view

of the rod of Figure 1 coated with a |ayer of ceramc
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The rod may be formed from graphiie. Alternatively the rod may be formed from at
least one of plastic and another material that can be bumnt off at the first
25  predetermined temperature, the rod being coated with at least one conductive

layer.

“The apparatus can also include a magnetic stirrer for stirring the fluid medium to

prevent sedimentation of the partlcles in the suspension.

30
In general the apparatus of the second broad form of the invention is adapted to
perform the method of the first broad form of the invention.
Brief Deécription of the Dfawings

35

Examples of the invention will now be described with reference to the

accompanying drawings, in which: -



Figure 7A is a schematic side view of an exanple of a
transducer according to the invention; Figure 7B i s a
schemati c plan view of the transducer of Fi gure

‘EP&{MO@ ?s a schematic di-agram of an exanple W’SGW’WW%S

apparatus for neasuring the 15 displacenent of a
transducer; Figure 9 is' a grgph used in the

determi nati on of piezoelectric constant d31 for a
transducer; Figures 10A and 10B are schematic di agrans
of t FiguSobrisli s aehemeijos diagrpmseidart Grampie #% @PPaRuS iy producing
free ilg@égj&ﬁfcyub%g}d nodes of transverse oscillation of a
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to aa;ﬁparams@‘rl?@reﬁl,c exanple; Figure 12 is an exanple
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ation of a transducer; Figure 13 is
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to aF@ﬁr@m i2h cveek tsagivnal Ridy bR a biezbdedricgiubgp Iprasihead ogncathe
conmpar i s (ﬂ:: ﬁl%l1cul ated and neasured end
di sp?%?cerrencf GFfa’ t ube produced according to the first
s pecFifire Sdsampiid misrosiriiire ef the piegoelgplyie tulpe of Figuse 4;
Jt_ﬂP h eﬁglﬁrb ® i@érﬁ)@-ré{il rﬁ%gﬁgph?plﬁﬁ&@f@ﬁeﬁéﬁﬂmb eiz&f;, a

ran r acc e |nv | .

is a8y é'%%ﬁ%e@ﬁ%%'%"éew AN &S Pﬁgaln%ang&ucgﬂ %8 gPé% the
| ayeinvepligzoel ectric tube; Figure 17 is XRD pattern of
the myse 9@'1@&&%&&1&%@% v@f:v o't:{hg‘tl'éﬁsdt].r&r of Figlh ?A ;18 is an

SEM n1 crostruct ure i ezoel ctrlc tu r
To: Pt gl gl fogialel & GRTPR cRRIT R I e g e
Ioubdispldcamenteda trarsrigegcer ; 35 Figure 20 is a graph

sho .
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Fi gura@sgueel; s a graph showi ng the bendi ng di spl acenent

of aFiglpetdten kil mBedle stieaadc diagrams bf the rceordiBate Systerg nagdh for

show n r
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end modes of oscmation of a transducer,
_ Figure 13 is a graph showing the bending displacement in response o a step
25 voltage; _
Figure 14 is a graph showing a comparison of calculated and measured end
displacement of a tube produced according fo the first specific example of Figure 7;
Figure 15 is a schematic plan view of a second example of a transducer according
to the invention; '
30  Figure 16 is a cross sectional view of an example of a double layer piezoelectric
tube;
'Figure 17 is XRD pattern of the piezoelectric tube of Figure 16;
Figure 18 is an SEM microsiructure of the piezoelectric tube of Figure 16;
Figure 19 is an example of the configuration of a double layered transducer;
35 -Figure 20 is a graph showing the fongitudinal displacement of a double Iayei"ed

iransducer;



Figure 24 is a graph show ng a conpari son between the
- bendi ng di spl acenent of a single and doubl e | ayered
t ransducer under the condition Vi=V2=V, and, Figure 25
WO 2405004249 showi ng the variation in the bendi nBCT/SG2004/000038
di spl acenent of a double 10 layered transducer for a
varying internmedi ate radius r Det ai | ed Descri ption
of the Preferred Enbodi ment An exanple of apparatus
for form ng piezoelectric tubes is shown in Figure 1.
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t he Eﬂleﬁ%r\r‘ﬁbe%@né&fmﬁ&e suspension is adjusted to be
int range between pH 4 to 5.

In this example, the container is formed from an electrically conductive material,
30 and accordingly, the container 4 acls as the electrode 6. However, it is also
possible to provide a separate electrode 6, as shown for example in Figure 2.

In use, the apparatus allows the particles to be deposited on the rod using-
electrophorstic deposition (EPD). The manner in which this may be achieved will

35 'now be described.



In order to avoid aggloneration of the particles, it

is preferable for the particles 2 in the suspension 1

to be ultrasonically dispersed.- Furthernore,

WOI0Ldt s, such as ester glycol can be addfHY20pH000038
suspension 1, before the suspension 1 is transfer 15

into the container 4. The contginer 4 is typically

placed on the magnetic stirrer 12, with the nagnetic

bar 13 positioned in the bottomof the container 4,
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pl as i cdey teasidagalpreiaiipn ¢f thegnsiclss, inip pefatabipiigeihg particles 2 in

N ayei;]hétsu@eﬂhb@'i kd/be hlﬁ@soﬁ@glyﬁléﬁ@%e@q:uﬁﬁé’rﬂiﬁr@ EthSifBers, such as
rapnite or

g
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pH level of the fluid nmedium In this exan\F "
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attracted to the rod evenly fromall directions.

in this latter case, the container 4 can be formed from stainless steel, capper, or
any other metal that is sufficiently unreactive, so as not to impact on the EPD
30 process. Alternatively, the container 4 can be formed from plastic/glass coated with

one or more conductive layers.

Similarly, the rod 5 can be formed from graphite or plastic coated with one or more - -
conductive layer or layers.
35



15 Accordingly, the particles are attracted to, and

- hence becone deposited evenly over the surface of the

q;ustlng the voltage and current applied to the

pgbu@w 4 the el ectrode 6 can be used to cont PEF/SER4/000038
thi ckness and quality of the deposited |ayer, as well
as the rate of deposition, asgwill be appreciated by
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tube is then sintering at a second higher tenperature
to forma dense ceranmi¢c .tube. This is. i cal l .
bor POILGPITE T & SHAGRET 155 BB abHoBs e it Darsociove fgen
depéioesugly cmelcl,abé outsr anfede afthd Hepobiludolkyre san bk phmeed with a
3par Lhifénﬁ Ilag?éferff rillé]tallic pasie, such as platinum paste. A second layer of

“deposition can be performed to produce a second ceramic layer.

1t will be appreciated that this process may-be repeated any number of times 1o
form a mulii-layered tube, with each layer being separated using appropriaté
- 35 intermediate electrodes. Thus, for a piezoelectric tube having N layers (where
N=2), there will be provided N-1 intermediate electrodes, with additional inner and

outer electrodes being provided, as will be described in more detail below.



The tube is then allowed to cool, before having the
cl osed end renoved, to thereby forma hollow tube

0 h ends, as will be appreciated by persons
ORI 20880020

the art. 20 After poling, in which PRESG2004/000038

pi ezoel ectric tube is exposed to an electric field,

the tube may be used as a trafgducer, an actuator, or
the like. The poling conditions will vary dependi ng

on the intended use of the piezoelectric tube. Thus,

for exanple, if the tube is to be used as a punp
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First Specific Example -
30 _
A specific example of the conditions used in the formation of a single layer

- piezoelectric transducer tube, suitable for use in an STM, o as a pump transducer,
as desoribed for example in the co-pending patent app]ic.ation entitied “Pump”, -
(filed as serial no. 60/415844, attorney docket number DAVI190. 001PRE filed
35.  October 02, 2002) will now be described. :
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30 in this example, the conductive container is used as the anode, with the rod §
having a diameter of between 0.3 to 25mm, being used as the cathode.

“The distance between the two electrodes is adjusted to between 20 to 50 mm. A
DC voltage with the range of 10 to 100 V is applied beiween the container 4 and
35  the rod 5, during which time the suspension is stirred with a magnetic stimer 12 ata
| moderate speed to avoid the sedimentation of the powder particles.



programmabl e furnace at 1100 C for 1 hour. An exanple

of a cross section through a resulting piezoelectric

tube is shown in 20 Figure 4. A second cross section

VEO 20058p4H_r magni fication is shown in Fi gure FCRGGA904/000038
X-ray photos of exanples of different sized tubes

being shown in Figure 6. The,fross section in Figure

5 was obtained using an SEM m crograph of the
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30 The X-ray radiology photograph shown in Figure 6 also highlighis that the
structures reasonably uniform in diameter and wall thickness.

Thus, as shown, the ube has a substantially constant structure, and thickness,
* with no discontinuities, or other faults, thereby ensuring good material strength and
35 durability, as well as ensuring consisiency betweén different piezoelectric tubes

produced using the method,



20 and the processing paraneters (applied voltage,
current, and deposition tine). 25 30 Performance The
pi ezoel ectric constant d3i of a tubular transducer is

YO\2845/089248 he standard. ‘equations: S1 --- d3i BCTESG20P4/000038

where S, is the strain in the length direction of the
tube given by: AL S 1= L(2) phere AL and L are
transducer displacenent and | ength respectively. E3

is the average electric field, and this is given by: .
E3 =Ag@rdingly( the processdesgribad abgve (pB)vides\h dgclniqud for gianufcgaing
addegied f1ekiRE e thatlity BK G PasHclu8Gks of RanstuddRd i ar

the outer and inner radius of the transducer '
respectively. WO 20051004249 14 PCT/ SG2004/ 000038 The
di spinaedsreriie @bd a2 trinsdnze i€ piezaiotrib pume dssirered gibads cut
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Vi br ambadei @400 € bphpiing SBO %6l 022 kvimmltdhgaiss @dial thiskness
MT1 2 32RX.?F%:EI Instrunment and the piezoelectric tube
23 EregiatdensiOSas shown. The whol e area of both the
i nner and outer surfaces of the piezoelectric tube was
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St e QiR ral BingBIRYdrbhat techniques.

Another advantage is that the dimension of product can be adjusted and controlled
in a wide range, which depends on the diameter selection of the conductive rod
20  and the processing parameters (applied voliage, current, and deposition time).

Performance |
The piezoelectric constant dg; of a tubular transducer is given by the standard.

equations:
25 Sy = dy By ™)
where S, is the strain in the length direction of the tube given by:
AL
Sl ="
L. 2
where AL and L are transducer displacement and length respectively.
E, is the average electric field, and this is given by:
2V
E, = ”
| (7, +1)n—> |
30 , % @

where V is voltage added o the walll thickness direction; 7, and 1; are the outer and

~ inner radius of the transducer respectively.



in the wall thickness direction of the tube 23 by the

test system 20. The step voltage was increased from
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CONPAREHoleSaP6r hdthdh@ Rinki 4nd duter sifaeeilisiehespiedoblectric tube was

conpone 0 The b

pi e 705 %}c l{h %Veirnﬂ%sée Eﬂ as Fo q[aEglre%@gén gﬁg FE@H tﬂé tJbQ vas
end fixediithé Gbraplensr2y vdirapeadn aﬁlgr teyapeid pri«ye\mrgppynduced errors.
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shown above wth respect t t hi
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’ i V\D ; iven voltage.
108 g AR5, SV SR IO ven g
unel@Opp:oﬁe&r&imaﬁetndpmgnggl@goitawmgs are al i gned

mrror-symretrically according to the Z-axis. Angle P,
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28t I Fidurad, iy tHels®pk dEing tiefnibmadmg:byrﬂuatioen are _denot ed
as Ti and SI for the driving parts and Ti' and Si' for
the driven parts, respectively. According to the
pi ezoel ectriyc=$68a100hshi p, the stresses al on% t he X-
‘axis are expressed to be: 1 d31 T1= Sl1- EE3 11 SII
(5) 10

The slope of 5.58x10-11 provides the dy; value of the maierial. This value indicates

| 25  that the EPD technique can produce piezoelectric ceramic tubes ideally suited for
use as a transducer, with the EPD technique having several other advantages over
the traditional method such as the flexibility in component shape and ability o

" produce smaller component (<Imm).

30  The bending displacement of the piezoelectric tube with clamped-free and free-free
end conditions were derived and experimentally verified for the using apparatus
similar 1o that shown above with respect to Figure 8. In this case, the coordinate
system used for the derived equations is as shown in Figures 10A, and 10B. The
origin O of the system lies at one end of the tube 23, as shown in Figure 10A. The

35 neutral plane, X-Y plane, passes through the origin 0. The transverse

displacement takes place along the Z direction. As shown in Figure 10B, the



Tl =1 .E S1 811 15 20 E3 = (6) where $11E is the
el astic conpliance constant. The electric field in
t hi ckness direction E3 is expressed as: V (7) where r

VO 200504249 et ween outer radi us ro and i nner r RETEGA004/000038

Assuming that the cross section keeps plane under
deflection, S1 can be wittengas: S| = -z | =--7 z
P (8) where p is the radius of curvature. Finally, the
bendi ng noment of the a cross section at position X
can Bectioses erivingdara g2 and a4, fand theppelgalroded diven pars gigand 33,
sl +S3e( QqnBait dirBGsyREREMEBN 2Bookdngd 16 Nthe Baxigi wagie NOwhich
2005/ 004249 16 = - (1.4 ?14% Zdﬁg.v (r2 --1i2)Cos f3
4ps 19etrmineg the diing pere AR GREEPT R4 Re st ati c
equi libriumcondition the total bending nonment over a
ct o secti ' 2 Ol ' = beSieqi
3173 o ol ssts S il helehahi ] ifedion abe
denoted as T and S1 for the driving parts'and T1" and S1’ for the driven parts,
respectively. According to the piezoelectric relationship, the stresses along the X-

axis are expressed to be:

1 d

3 5.
Li==S -5
Sy Su (5)
10
7 1 14
L =55
S11 (6)
where Sy~ is the elastic compliance constant. The electric field in thickness
direction E3 is expressed as:
v
E, = "
rin-=
15 ‘ Ty : )
where r is radius batween ouier radius r, and inner radius n,
Assuming that the cross section keeps plane under deflection, S; can be written
as:
1 az®
S =—z—=—z—F
dx
20 _ ®)
~ where p is the radius of curvature. = _
Finally, the bending moment of the a cross section at position x can be expressed
as:
!
- M= 2T, ds+ f ZTds
.25 : 51+53 s2+s4 (9)

-Putting Equation 5 to 8 into 9, gives:



As the radius of curvature keeps constant in the
static situation, and since: 1 dz2 p dx2 10 15 it can
be derived from Equation 4 that: (12) d-, = 1 x+C (13)
VR 24051013249 x 2+Cx+D (14) 2p where C and D are c®Sd(4i30%/000038
The constant C and D can be determ ned by considering
the cl anped-free end; and tﬂg free-free end boundary
conditions. 20 In the cl anped-free end boundary
conditions: 1di = 0 dx z 0 (15) PCT/ S&004/000038 it
i s obtained thap C=Dr0O JﬂTQ§, ﬂhe Xi mum
displadHHEﬂt—a;GIheﬁ? rpVerdhi/S%ubt ai ned to be: WO
2005/ 004249%8%: |2 4d31Vsk@d®2 2 ~ r 0<~3~ 2 P ~T
ro2+rx")In o ri PCT/ SG2004/ 000038 (16) The rel at iop

between the displacenment ~ and piezoelectr] t
d31 Sinogrigthe siatic pyilibrige condiiny tﬁeetﬂ‘af Rering forigr ol & Boss
obt aard isfepm.douat 0,afls dGuires: ‘

1 8dyVeosf

= -
5 ’ ‘x(r,,2+r,.2)1n7i (1)

As the radius of curvature keeps constant in the static situation, and since:

1_dz*
p & (12)
10
it can be derived from Equation 4 that:
& =—x+C
& p. (13)
=il icxap _
15 2P | (14)

where C and D are constants. . _
The constant C and D can be determined by considering the clamped-iree end,

and the free-free end boundary conditions.
20  Inihe clamped-free end boundary conditions:

z_g
dx .
z=0 _ (15)
_ itis obtained that C=D=0.
25  Thus, the maximum displacement at the free tip end is obtained to be:



5 Figure 11 shows an illustration of the displacenent
. Wwth respect to changes of radius r,, and r,. The
paraneters used are d31 = -4.5x10A1 mv, L=10 mm

VO24%/00448 V=30v. The outer radius ro varies fRERBEG084/000038

to 2.5 mm The inner radius r; varies fromnear zero
to 0.95 of the outer radius. ht can be concluded from
the present analysis that for the same outer radius,
with increasing the inner radius, 10 the displ acenent

I ncreases; and jthe Mouter radi us, the

smal | er the g“@l=|)‘E + A bos t heds& i nner radi us.

~in the case of the f{;@%ﬁ? %&nd boundary conditions,
the transducer was supported’ at the two noddi6points
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20
The shape equation can be derived to be:

(18)

25  Thus, the displacement can be calculated as:



cl anped free transducer was neasured. The transducer

-set up and the neasurenent procedure is the sane as

that is used for d3i neasurenent shown in Figure 10A
Weieard0424f he outer el ectrode is divided into 4PEEEE2904/000038
and the angle (3 is 15 equal to 45. Figure 13 shows

one cycle of the displacenent in response to the step

vol tage under a given set vaPue 300 v. A good linear
property with small hystere5|s is clearly showm for a
typi cal hard Fi gure 14 shows the conparison

tegi
of the 20 neapur L 4?@5 @ ts and the calculated results
usi ng Equatiop 16" for th di spl acenment under 300 v.
The applied p amstle ol BaYe tabulated in Table 1,
bel ow. Tabl e QJtEdF razl usl nner radi usLength

LAngl ed31 ro [mm#2 (nm) (nm) (10-11 niv)
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measured results. WD 2005/004249 19 5
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Figure 13 shows one cycle of the displacement in response to the step voliage
under a given set value 300 v. A good linear property with small hysteresis is
clearly shown for a typical hard material. Figure 14 shows the comparison of the
" 20  measured results and the calculated results using Equation i6 for the
| displacement under 300 v. The applied parameters are tabu_!ated in Table 1, below.

25

Table 1
i i th | d
Outer radius | Inner radius | Leng Angle B° -
rp {mm) n (mm) {mm) (10-11 miv)
1.45 1.19 0.98 45 -5.58

It can be seen that the calculated value is in good agreement with the measured

resulis, .




Second Specific Exanple In the case in which the

. produced piezoelectric tubes are used in STMs or as
transducers in piezoelectric notors, |arge

WO dYeH8nt is desirable to achieve a | ar gerPCT/5G2004/000938
scanni ng range or higher rotational speed and torque,

.respectively. This can be achieved using a

doubl e-1 ayered tubul ar transducer, an exanple of which

is 25 shown in Figure 15. In this exanple the
doubhepotcinglyratabtropharesicl dermsitipmis shos tof ey & goodprihagide dagfcate
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mlar to that described above with respect to t he
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i nplrediesit ati on. After drying for 12 hours, t he dual
deposit | ayers are sintered in a progrannable furnace
: 0C for
b/ Eedat e oeea i U oftPg Uef 1 ebhaay condidons changes
t he fdlsml@flm-ﬂeéﬁgff%‘f@ﬁd painted with silver paste as
fkhe inner and outer electrodes before firing at 850C
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kV/ el ong the radial thi ckness direction for 2
hours. 5 Figure 16 shows a segnent of the cross

section of the_piezoelectric tube after sintering,
obséﬁiﬁﬁm@%tl cal mcroscope. It can be seen
20hat a reasonably fine and narrow pl ati num
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Shi sholzy TRERbGBEGO m;pqqss @ﬁupﬁ@@@ﬂy SirRlpE fo that described abovg with
respect to the single layer transducer, and will not therefore be described in detail.

30 _
in particular, the first ceramic layer is deposited on the rod 5, as desctibed above.

The deposited layer is dried thoroughly, and then painted with uniform platinum
| paste before a second layer of deposition. is performed. In this case, the EDP
current may be applied to the rod or the platinum paste layer, depending on the

35 implementation. After drying for 12 hours, the dual deposit Iayers are sintered in a |

programmable furmace at 1100°C for 1 hour.



50.0 kV, 20.0 nmA and 2. 0000 deg/ m n scanni ng speed.
Figure 17 illustrates the XRD pattern of the

erials after sintering, and the expected
%?033{8%519-phase per ovskite structurg of PZT REE/SG2004/000038
observed. 20 Figure 18 shows an SEM m crograph of
cross section of the piezoelegjric tube. The average-
grain size is evaluated to be approximately 2.6 m
Sone residual pores were also observed. The density

i s ndds §ihised Yy way thenguginedae designgd denotheind AT ‘E‘th sitver
densipasé e thdVidn2088) cuterilehiodss Rford Yhied at $88°C for 20 minutes.
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app! sietdring, bhsenek tusige aViopiizaidnividscapesipeat bmbly that a rdaedriably
desi Sanoaﬁbgﬁgrd%tﬂﬁ%gﬂn%?ﬁ tJ‘eectrQéé Ybddg 12 rﬁ%e%r tE?{%e Jwo

t ransducer IvVin equations 1n a manne
t hat lagrecli plse diewbwgtes t”??é Efenidi anceffegive jreibiane fht faémcat%@e
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35 c nd| Lon.1s q % d3 ]1|
e pujer sy 6(0f313y var|ymgf g P:ixralin%ters ?f e?cg?phg ftlc ep?s%on the
} ( | nlogalion of the elédiiod@ c{r,o_ln)a) adjlstedr asi witl be aprivedialesiy fersens skilled
di spl,arepent ~ and piezoel ectric constant d31, angle
R, voltage V (VI and V2), length L, inner radius rl,
intermediate radius r2 and outer 5 radius r3 can be
Hasi Tq,/cmﬁtmlithtecbnﬁpoeiﬁ@rt biethe qlepdsitet piezdeledrisUPZr tubes, an XRD

LT aNAEHGRMON bl QTR Q%) d bl 9?1 LD B0t GP LR Wiker
t 0 neasure I"'ng acenment
50.0 kV, 20.0 mA and 2. 0000 deg/mm scanntng speed. Figure 17 illustrates the
XRD pattern of the materials after sintering, and the expected ietragonal-phase
perovskite structure of PZT was observed.

20
Figure 18 shows an SEM micrograph of cross section of the piezoelectric tube. The

average grain size is evaluated to be approximately 2.6 pm. Some residual pores
were also observed. The density is measured to be 7.639 gfem3 using an
glectronic densimeter (MD-200s), which is 96.7% of the theoretical value. The
25  results have shown that the piezoelectric tube has bsen sintered fo a relatively

dense state.

Figure 19 illustrates the cross section layout of the double-layered tubular
_ transducer. In use, the intermediate elecirode r; Is grounded. The areas Al to A4
30  are the driving parts. They are applied with voltage V1 and V2, respectively. In both

designs, angle p determines the driving area of the transducer,

Deriving equations in a manner similar to that described above, the bending
displacement of the double-layered transducer under Clamped-Free boundary

35  conditionis:
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We28p5i0d?48t e radi us r2 was neasured under opt i REN/SG2004/000038

m croscope. The apparatus used for displacenent
measurenent is simlar to that described above and
will not be described in detail. Figure 20 shows the
| ongi t udi nal di spl acenent under different voltages. A

perfec LAl ght Ad me 2 opSepygrt as expectzed.
Thi;"s:i—hdﬁ{ e tmﬁ%d ehsulF 1 0
keep | iFsar iplBgeriied whder higR7etB&)ric fiel d “and (20)
hence di splays certain not-linearity. The maxi mum
electric field is estimated to be nore than 1150 20
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basi 8N lendth 1€; i dia@lraios ¥ dufer
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bel ow el ow this_voltage were applied

t radivehaahke er3ty RS omdhSIWARSFd rel ationship S1 =
d31E 3 Applying Equation (3), d31 is calculated to be

S 1 AU i g Rk Fibeth EhPEEEGRe L  Waeo

measthe kehdimg gispleeamanal | y. Figure 21 shows one cycle of
the 30 displacenent in response to the step voltage
under a maxi num applied voltage of 300 V (V1=0,
Wo-3@hied/2=0, v1=300). Both curves have shown | ow WO
2005/ 004249 L ry fa 3 B

{mm) {mm) (mm) {mm) (Degree)

12.08 | 1.61 1.78 1.87 0

The intermediate radius r, was measured under optical microscope. The apparatus
used for displacement measurement is similar to that described above and will not
be described in detail.

15 _
Figure 20 shows the longitudinal displacement under different voltages. A perfect

straight line was not observed as expected. This is because the material is nofr
hard enough to keep linear properties under high electric field and hence displays
certain not-linearity. The maximum electric field is estimated to be more than 1150
20  Vimm at 7300 V. However, since the displacement is basically a straight fine when
the applied voltage is below 100 V, the data below this voltage were applied to

determine dsy using the standard relaﬁonéhip
Sl = d31E3 (21)

Applying Equation (3), dg; is calculated to be 1.18x1010 m/V.

The bending displacements for two sftuations, V4=0 and V=0, in Equation (20)
were also measured experimentally. Figure 21 shows one cycle of the
30 .displacement in response to the step voltage under a maximum applied voltage of
300 V (Vi=0, V=300; V2=0, V1=300). Both curves have shown low .
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resulting hysteresis is small. Figures 22 and 23 show
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oubl’e ered tubul a ce
oo anl i o e by BB AR ) e
204 t hiimcrdaes toirn Eer meximg® cahancenrrhis| r@ﬁagered tot’?ﬁ*aﬂﬁ%béﬁ airerylt

di s Ad B@A&t dithfaBenfonS édHHIS HeddiRdased by increasing
traﬁg?ﬁ% %mg& r@ g 4 t ed. t hat E\‘tsﬁe V!

t ecWﬁlfr&“r‘IE‘eE%tﬁ r%ﬂé”sfr%ﬁof ﬁ@?meé%gmgb‘?TS "SEvi de mul ti -
| ayered tubes having N layers (where N>2), with the

! hbe ng"%ﬁé Bkl RYSRol Ur P BNNGRRAHetd 1o

ment operties. r;gr sons. ski 5; h
2% hefabrigatani F“PUbﬁ’d@fe&q aP'éZCteP?ﬁfl”c ndhetasu dragsaupelt i SR Renging
- nodiihigRkneMNS thé Gowid-laydieat nibBaraippadeet wasifdung tehe in good

o2 NGRS 1R R i AP

e consyl dered
f al thamberiding dishlecespsnt phiaiaghle Wiheng!q IRyar teRRSUGSHy ent i on
broadl y appearing before descri bed. WD 2005/ 004249 23

30 It will be appreciated that the technique can be further extended io provide multi-
layered tubes having N layers (where N>2), with the multi-layered tubes having
even further enhanced bending displacement properties.

Persons skilled in the art will appreciate that numerous vartations and modifications

35  will become apparent. All such variations and modifications that become apparent
to persons skilled in the ari, should be considered to fall within the spirit and scope
that the invention broadly appeering before described.



The d ai ns PCT/ S&004/ 000038 1. A nethod of form ng
pi ezoel ectric tubes, the nethod including: (a) formng
a suspension of ceramc particles in a fluid nedium

WO(2805/@9é30t i oning a rod in the fluid nmedium (R)T/SG2004/000038

depositing particles on the rod using el ectrophoresis;
and, (d) heat treating the ﬁgﬁosited particles to form
a piezoelectric tube. 2. A hod according to claim
1, the piezoelectric tube being a double 10 |ayered

pi ezl @ainsi ¢ tube, the method further including: (a)
applying a netallic paste to an outer surface of a
first layer forned fromthe heat-treated deposited
par t1.cl esA methedet faraing iplpeesieatis tules, theMelRed Beleding: )

deposi ti ngy f ursheig a%@é;ieln&bﬁ&f defeniidigartionsd inisitudmedium;

ectrop reS|s | ayer; and (c)
%eat tre )i ng PPﬂé"”&"@ﬁd’g? Félgeﬁ?%irg?é)u ‘o formthe double
| ayer pi{ezoeldepasiting partities orGhe mdveing elactieluess A t o
claim1, ghe ShrRGhd dipobitthaiBbN@ ramMtidzbelbAteine]
20 pi ezoe(P)ect @F%ﬁrt%u rg t?]%orrlet Ejgd furt hg?ﬁi nzcile udi ng:
(a) applying a netallic paste to an outer surface of a
| ayer. foravedinbd ancordifte tchelaitn tiy that merodegiis iubedreing a double
120 C) bR bRE e BRIl fnér ke g de: (©)

eposi tin er partic es on the rod i
el ect r opH@r esePiYieg 3 Betlic gasie fa Hequiar yEce Of(%t?mt layer forme

heat - t r eat i ng fibi ehdIRRBELiied dbgysRadspartitied to fofid Jan intermediate
repeating the rtsetgdtag to forma nulti-layered

pi ezoel ectric ﬁt 4. A net hod according to claim1,
the methda fudensiting ieher@prigles prie BB AlgCtABhelpSs fo form

1jgate to the i gRedondRYerotier surfaces of the

30pi ezoel ectric nd h 0 t
tube to fHer eb t'1tt Sgwga géf’soé'tfgde&ay&g %& forf ﬁ]é U Eéy@r
according to pﬂeaaeiepthttbhe poling conditions including

t he 35app|ication of an electrical field in the region

of 2-4KV/ mm _ for between 0-120 uratio
at @errpef‘a{{‘ﬁtﬁ?oé’ apoprg %torcmﬁ Wealem? efglﬁgl%e ng a'mu l—lgye‘?ed

2@005/ 004 RiéoeRAtriPMDE, 32 Hetho D QGO dncluding:
® applying a metaliic paste to an outer surface of a layer formed from

the heat-treated deposited pariicles to form an intermediate

electrode; ,
() depositing further particles on the rod using electrophoresis to form

25 o a further layer;
' (c) heat-treating the deposited layers; and
(d) repeating the steps to form a multi-layered piezoelectric tube.
‘ 4. - Amethod according to claim 1, the method further including:
30 (@ applying metallic pate to the inner and outer surfaces of the

piezoslectric tube; and
{b) peling the piezoelectric tube to thereby form a fransducer.

‘5. A method according to claim 4, the poling conditions including the
35 "~ application of an electrical field in the region of 2~4kV/mm, for beiween
:20~120 minutes duration and at temperature in the range 100 to 1 50°C.



6. A nethod according to any one of clains 1 to 5, the
nmet hod of depositing the particles including: (a)

. positioning the rod in a container containing the
WOIpN9#Eh; (b) connecting the rod to a-firstPCT/SG2004/000038
termnal of a power supply; 5 (c) connecting an
el ectrode to a second term nal, of the power supply,
the el ectrode being in contact with the quid medi um
and (d) using the power supply to apply
pr edet er A mettlod@comint Agenyt anetdf efaimes| 1e’fot5|s tﬁ'ﬁ@eéi??& of HepasHag
to there ast sone of the particles to be
deposi te?{ on t gr%lgﬁglo 7. A nmethod. accordin
claim6, Bhe PeslianianiherohiiafgniainensraRing ?%g'o?fer
adapt ed t(g acbnméing e r&&@ﬁﬂrﬂd@m:rﬁ!oprmerleopblsaccor ding

o claim,, the containe e t
%5 one of(c tgonr“eg‘( gg agte!ecfroabe fonagsgc?ﬁ ﬂﬂlgcﬂ% POl“@'a §JPP‘V-
9. A nethod #wseactiodegeing lr!:¢ca1r‘~6\ﬁ“7ﬁhtf'¢1@"‘1:'6?ﬂ“ﬂ? r?@F‘ be| ng

for trrEd fr Qg‘ abind ﬁ@%%werceﬁﬁpl fo Q{@Sép?ﬂﬁierﬁﬁrﬁsﬂmvoitﬁmo the
cont ai ner "bei ng coa eas

Cayer. 20 10SPAHEEe fsmr%ba B s sEREBHE} fes
1 to 9, the mndictdedosited drethe rock r eat i ng the deposi ted

articles including: (a) heating the deposited
particles to a first predeterm ned erature to . .
t heFeby fdmtbndfﬁsfcqrﬁegg Haim & e CP?}a'aeféDt‘ilr‘EE&&8”‘@?""{%‘38“%’8’
25 and buH#ptddie ast@d ihetetectrétizr eby | eave a tube of
solidified particles, the tube being closed at one
end; and (b) heating the tube to a se

pr e@et er M methed ascerHiBg dhglaig) fitlbe C?’ﬁ%“ertbﬁ‘&@ ferged Gpm 8 least

1slense cebadbiGtAridae stedllcopferi@idwndihacaaaldi ng to claim
10, the nmethod further including cutting off the 30

closed end of the tube. 12. A net hod accordi ng
cl a®m 10A méthodsaseerding o st Brihe senpipes bgiBe Lrae fffﬂ!!?eﬁ}t r'ﬁst

hi gher t ad of Elﬁssf brﬁ:ﬁﬁlasﬁi&eﬂ'ﬁtdﬁh’fﬂd@ﬁdeﬁ@ﬁﬁ&écﬁtﬂwﬁ @t 1635t bne
" 13. A nethod according to claim210, the first

pr edet er FP9EEVE B¥Fer at ure being between 500 and
20200C. WO 2005/ 004249 25 PCT/ SG2004/ 000038

10. A method according to any one of claims 1 to 9, the meihod of heat-
treaiing the deposited particles including:
@ heating the deposited . particles to a first predetermined
femperature to thereby solidify the particles to a surface of the rod
25 - : and burn the rod, to thereby leave a tube of solidified particles, the
tube being closed at one end; and
{2)] heating the tube to a second predetermined to thereby sinter the
tube to form a dense ceramic tube. '
| 11. A method according to claim 10, the method further including cutting off the

30 : closed end of the tube.

12. A method according to claim 10, the second predetermined temperature
being higher than the first predetermined temperature.

35 ° 13. . Amethod according to claim 10, the first predetermined temperaiure being
' between 500 and 1200°C. |



14. A nmethod according to claim 10, the second
predeterm ned tenperature being between 850 and
1300C. 15. A nethod according to any one of clains 1
W6 2006/00442 rod being formed 5 from graphite. PXO/SEER004000038
met hod according to claim 10, the rod being forned
fromat |east one of plasti G and anot her nmateri al
that can be burnt off at the ?irst pr edet er m ned
tenperature, the rod being coated with at |east one
condtfct i v ietge eccofiding 14 i HOdthaceennd iprgietegninge ieBiRerayre
clains 1 gpﬂ Lewel e BN gsheFur t her  including using a
magneti c stirrer to prevent sedi mentati on of the
particles in the suspension. 15 18. A nethod
aCCOfsﬂl NOA hiRth8d ¥c@RfngOh 4l @h&®f daitne 111,141 the rorkbéingl feohed
formng the sy igen& on including: (a) dispersing the
articl edHE ™M sol vent to formthe suspension; and
(b) adjusting the pH value of said suspension to a

predgt er rg mgﬂo%corﬁﬁg 'tk?clat%ol 02the P64 %gk&me&frﬁﬁtdﬂ st one of

according to claim1l he sol v

sol vent . Pf@t'c ?ﬁdﬁé?tﬁ?fdnaégﬁbw& ?@%ﬁguwfﬁ%trfgm&tp%%g lofininea

sol vent agmpepast, thm:edd)émgbdrmdom:thahtéastan&e@qﬂd@ﬂ\@!@vﬁm

1§et hod according to claim 18, the solvent being water.
2. A nmethod according to claim1.8, t t hod furth

di spér si Mymetied pederding iosany; ¢ ofcriaigs di @p@r@?%@‘%ﬂ% urther

parti cl esndikiing asiega edghatic siider té\preednh satiraantation piihe particles

claim 18, ti.lhe net hgd i ncluding adding a stabilizer to

t he suspérh FBFPSA™ A et hod accor di ng to claiml1l8,

the stabilizer being ether glycol. 25. A nethod :

18CCQqgdi NG 8h@ NecoBg @ afy siadd clairhD1 BA17, tieemethod ofdbresng

bei ng at , | east .one .of.. WO 200/ 004249 26

PCT/ SG20dEVeR58YY PEUY"Yi r conate titanate:

{a) dispersing the particles inio a solvent to form the suspension; and
(b) . adjusting the pH value of said suspension 1o a predetermined pH

value,
20
19. A method according o claim 18, the solvent being an organic solvent.
20. A method according to claim 19, the solvent at least one of ethanol and
acetone.
25
21, A method according to claim 18, the solvent being water.
22, A method according to claim 18, the method of dispersing the particles
including dispersing the particles ultrasonically.
30 ,
23. A method according to claim 18, the method including adding a stabilizer to
the suspension. :
24. A meihod according to claim 18, the stabllizer being ether glycol.
35 Co

25. A method according to any one of claims 1 o 24, the particles being at

least one of:



doped lead zirconate titanate; BaTi GB; :
0. 95Pb( Zr o, 52Ti (i . 46) 03. 0. 03Bi Fe(3. 0. 02Ba( Cuo, 5W. 5) 03 -
+0. 5w %h2i and 5 Other piezoelectric particles. 26.
VR 285984242 us for form ng piezoel ectric tubes, REWSG2004/000038
apparatus including: (a) a container for containing a
suspensi on of ceram c particl LgS ina fluid medium 10
(b) arod in contact with the fluid nedium (c) an
el ectrode in contact with the fluid nedium (d) a
power suppidziwaa@stitahated apply a predeterm ne voltage
to the ro&pe?@g?]gnlggna@étﬁ%@de to thereby deposit at
| east sonme O e particles on the rod in use; and 15
(e) a hedt@'demirce for heat-treating the deposited
par ti cl esp.95Phi{Zas5Tlids) O40. EIBIRIR0I0RB&{Cl G 5) 020 5WIs BINO,; and
par at usyaccor im26, further including a
ai nter forerp'ezgéh%%c%gmg]eﬁet al paste to an outer
surface of a first Iayer formed fromthe 20 deposited

plar tdeC |2 sSAn Aparatlt for RRRAG E«bﬂ:ﬁe!e@ﬁ i6 /b6, Fﬂﬁa dp@ar@iu@irﬁluaﬁg or
claim

he con ain conduct e
adapt ed t 8) act® % a{"ﬁ' %EF%}??’?'&%E sussnoen © Eéa apgé\'?é{% {sn 2
accordi ng to duiinmed®B; the container being formed from

Bt leastyone b ﬁtca.atgutmﬁmatnaalmedmpper and anot her
net al . The appar at us accqrd 0 gl aim 28, the

cont ai ner(c)bel 7 © gf%éd’@l"@ﬁﬁ‘“ﬁwthq of gl ass and
pl astic, {fjhe cqoieisapsly bdtxpreg tm:amﬂ;eaipmdettdemﬁte vokegetio thaeod

30 conductive al'l@)ﬁ% ?Jdeég la'%r g BE}S&E USlcAG Cahdl bﬂﬁe b&Hicles

any one of clail at source bel ng
adapted to: h@aihetfﬁé'”@%‘b@ﬁﬁited particles to a first

19r edet er gyned &t REPSIRLUbChdabirealing tHeedapbytted Jatticls fioy forh e
particles to a. surf%c%bgf the rod; and, WO 2005/004249
27 PCT/ SGZOO4P536 burn off the rod, to thereby
| eave a tube of solidified particles, the tube being

cl oged afrhé’rla% aads a@éﬁ#dthgea& ddie 4o\l Brirep ua:mmg Ofi Ghainter for
predeter rf.s.nupnp?ylng.] a metrg pagte¥o g’rll cr)]u e(:'t‘rrsugfacee o Ul?rst ayer forrnn?! from the

20 deposited particles.

28. The apparatus according to claim 26 or claim 27, the container being a
conductive container adapted to act as the electrode.

25 29, | The apparatus according to claim 28, the container being formed from at
| ieast one of stainless stesl, copper, and another metal.

30. The apparatus according to claim 28, the container being formed from at
least one of glass and plastic, the container being coated with &t least one

30 conductive layer.
3. The apparatus according to any one of claims 26 to 30, the heat source

being adapied to:
heat the deposited particles to a first predetermined temperature io

353 - thereby:
' solidify the particles to a surface of the rod; and,



a dense ceramc tube. 5 32. The apparatus according to
claim 31, the second predeterm ned tenperature being

hi gher than the first predeterm ned tenperature. 33.

WRL09 4?42t us according to claim 31, the firstPCT/SG2004/060038
predeterm ned tenperature 10 being between 500 and

1200C. 34. The apparatus accosding to claim 31, the

second predeterm ned tenperature being between 850

and 1300C. 15 35. The apparatus according to any one

of cl ai s P¥8 dfghaipd, imikeiepy lsgeg ﬁ@”beffﬁrsﬁ@%'eﬂrwc es, the tube

gr aphi t e. bafg ciddeq abfean&tang according to any one of

claim?26 t0.34, the rod hej f.or fromat .|

one of pl %"’fti?rl?t%tf?go 31’?8?%@Pmﬁgt?@?"i‘eéjlqgﬂ'ﬁ§tbyg'gﬁerH}S‘%@%ﬁ%orm
20 of f at adhesefckragic greedet er m ned tenperature, the rod
being coated with at |east one conductive |ayer. 37.

The apparatus according to any one_of claim26 to 36
t he %éspar 4bg, 2PPRTEE HACOMRG | oqictagn a31na§‘ﬁeﬁ?‘2?"ét F@&%‘?‘mmea
for stirriemgetatves HelingihherttarLing first pedeteemined 2perature.

sedi nentation of the particles in the suspension.

33. The apparatus according to claim 31, the first predetérmined temperature
10 being between 500 and 1200°C.
34. The apparatus according to ciaim 31, the second predetermined

temperature being between 850 and 1300°C.

15 35 The apparatus according to any one of claims 26 to 34, the rod being
" formed from graphite.

36. The apparatus according to any one of claim 26 io 34, the rod being
formed from at least one of plastic and another material that can be burnt
20 off at the first predetermined temperature, the rod being coated with at

least one conductive layer.

37. The apparatus according to any one of claim 26 to 36, the apparatus
further including a magnetic stirrer for stirring the fluid medium to prevent
25 sedimentation of the particles in the suspension.



