ELECTROSTATI C SPI NNI NG ASSEMBLY Fi el d of the Invention The present
invention generally relates to an electrostatic spinning assenbly for the
product i omoab1os®Ri bres from vi scous |iquids such as p@CEMERIE®AOW7BoNS,

sol gel, particul ate suspension or nelt and a nethod of using this assenbly
to produce nanofi bres. Background of the Invention The foll ow ng di scussion
of the background to t heELECFROSTHATIC SRINNING ASSEAMIBLYt at e an

under standi ng of the invention. However, it should be appreciated that the
di scussion is not an acknow edgenent or adm ssion that any of the materi al
referred t jdRcofiWe IngBARElonknown or part of the common general know edge as
at the priority date of the application. Conventional electrostatic

spi nni ng systens consi st of a holl ow needl e spinneret, a punp for feeding

an o rbon o e lakeh Ao ol Ferdisdh et el GHE S Feer i tore * ©
col I ector phaprodubiieondinarefiblesctord vistolis tiquRistdiehsy polgmet soritigns heolged

with a high voltage. The resulting electrostatic force between the
spi nneret &84 PHECUGIe SeEBeNyPAY Mekwand e nRIhod i Fnusing dhis #858MPIYcihe. | f

the i qui dﬁp@&uﬁgﬁcﬁw@gg cohesion, the liquid is drawn out as a jet.

Interactio ween e Jjet, the external electric field and charge
repul sion inside the jet causes the jet to bend and spin and therefore
stretch_thinner. Sol venh %va or.ation causes the jet to solidify and be
randon§ d iaredngd pfithe 1p¥entienor plate to forma non-woven nanofibre
mat. However, this production systemprovides limted fibre productivity as
each spinneret only generates a single polyner jet producing up to 300
m | | i gr am dihef fddlosvime rdi$aussiqre of tbe dbackgitiends rial thenimeehtionliianptendedl o
results in a.@i hly concentrate ﬁ' ectric fiﬁld near, the g%l nner et. Fudface
which is sid@ B Bﬁéjr}dgrs anding of the invention. However, it should be appreciate
that the discussion is not an acknowledgement or admission that any of the
15 material referred to was published, known or part of the common general

knowledge as at the priority date of the application.

Conventional electrostatic spinning systems consist of a hollow needle
spinneret, a pump for feeding the polymer solution through to the spinneret, an
20 electrode collector plate and a high voltage power supply connected between
the spinneret and the collector plate. The polymer liquid is fed to the spinneret,
and charged with a high voltage. The resulting electrostatic force between the
spinneret and the collector plate draws the solution into a Taylor cone. If the
liquid has sufficient cohesion, the liquid is drawn out as a jet. Interaction
25 Dbetween the jet, the external electric field and charge repulsion inside the jet
causes the jet to bend and spin and therefore stretch thinner. Solvent
evaporation causes the jet to solidify and be randomly deposited on the

collector plate to form a non-woven nanofibre mat.

30 However, this production system provides limited fibre productivity as each
spinneret only generates a single polymer jet producing up to 300 milligram of
fibre per hour per needle. The small needle diameter also results in a highly
concentrated electric field near the spinneret surface which is susceptible to
corona discharge under a high applied voltage. The voltage is therefore



corona di scharge under a high applied voltage. The voltage is
thereforegenerally restricted to bel ow 3CkV. The | ow operating vol tage al so
| eads t o woanwe4smaof i bres. The rate of production of n&oefAlI@DOCHB be
increased by electrostatically generating nanofibres froma broad Iiquid
surface. For exanple, International patent publication WO2005024101

di scl oses @eneradiyt mﬂv}mtemtogoeie\m 8@k\V.ncThalilow apespiingivojagy |alsalteacts! to

el ectrode (aor "sgi ret") that is partially imersed in a reservoir of

pol ymer sol“Q8[¥n18R @’6%?“ er electrode is |ocated a distance away fromthe
cylindrical electrode. The polymer solution is carried as a thin filmfrom
the reservoir on the surface of the cylinder into the electric field

bet ween t hdhepiraigi af rredudion ef tnanpfibrestoapdbe Mereddeash by alestrosiesically at
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pr oduced over e cy r can SO vary ue to variations in
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desirable t rovi de an.alternat I nner.et f | ectros | |n
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di sadvant agRofistedNBfe rafddrily HENVEHedOBn the counter electrode to form a non-

15 woven nanofibre mat.

The formation of jets and resultant fibore morphology in these types of large
scale electrospinning arrangements is highly influenced by the electric field
intensity around the spinneret and the electric field intensity profile in the
20 electrospinning zone. For example, the length of cylindrically shaped
electrodes influences the quantity and critical voltage required to produce jets
across the entire surface of the cylinder. At some voltages, jets are only
produced at the ends of the cylinder. The thickness of the nanofibres produced
over the length of the cylinder can also vary due to variations in the electric field

25 intensity along that length.

It would therefore be desirable to provide an alternate spinneret for an
electrostatic spinning device for production of nanofibres that address one or
more of the above disadvantages.

30

Summary of the Invention

According to a first aspect of the present invention, there is provided a spinneret

for producing nanofibres from a viscous liquid using electrostatic spinning in an



According to a first aspect of the present invention, there is provided a
spi nneret for produci ng nanofibres froma viscous |iquid using

el ect r ostwDI2010838002i Nng i n anel ectric field, the spinner@CTiAtZbasdiony3one or
nmore narrow annul ar bodies radially centyed about and axially spaced al ong
a central axis. The spinneret according to this first aspect of the present
i nventi on ietedtoe freld, theapioneradingiudisg rener @vwnarennbaowhbatdivder. bddies hadislont ext

of the presen tlo narr ow annul ar, bodi.es generally refer to
annul ar " bodrBlrel 2poHbodS Pl SBRCHS HldS S PR ciBes) T o di anet er of I ess
than 1:3, preferably less than 1:5 and nore preferably less than 1:10. This

narrow wi dth is thought to produce a higher electric field around the
spi nner et Jinef spiBneed aceoding te|thist first aspestofi theapresent ipventior: is formes

s compar ed B RS Gt v e ATBR s Cy M MR Pl e PRREBE et s
and resul t apkcifichtion, rﬁyrﬂiwlaﬁgwlafrmé&gé@er’euméfeefto%phnmrbﬂd$e§h@uh dhave
advant ages over the existing cylinder type spinnerets. The annul ar body can

have any stRtiQBf widiaker Gikaess (o dlam&@féﬁ%m%hasprqfﬁr@bahlre@ﬁéharbac@
conpri se anpyl @he préterd ‘?;P'Ie% 'tMaHe]”’fd eefh?sbﬂé‘rtr%\i’z’]ﬂdf’r?‘lsat'}hbgpﬁpﬁ)c Hafice

central axis. nnul-‘a 00ps can be scre annu ar

rings or caigherbelestrigsfielat aﬁdulnyi thet sginmklet surfaectand havé fam eieo‘aﬂc dietcect i on
to forma helic ere the spinneret ical wire coil, liquid
P SOt PSRy nEte ntecalRckeskin asg@n&thebﬁﬁsﬁ%dspﬁa%e@rmfh@%hLﬁ
surfaces ofyrithe s?.ﬁr%répegsco?hﬁdrea tS'\ﬁfaTeF%Hﬂhan@@ ¢ 8VIRGLF oSt ' c
field intensity at that surtface I1s sufficient to rawt e solution into a
Tayl or conéorrrmlqmdﬁ jets add abswltgnt tlilbee morphblogps‘rcrm thése Hpias afspnnearetyar r ow
annul ar bodjes thln the electri odi ments can be

arranged t GNRHIG %gesb?)\(qrr{ﬁggxislillgg(gfyh%g?rtgpegajn&eﬁ? fg | oops on that

electric field. The heI ical wire coil used for the spinneret can have
various configurations including tubular, conical, spherical, cubic,
prism ¢9or Thgeannuter basdy can @faverﬁgyeswtable conflguratlon In some embodiments,

the annular body comprise annular loops radially centred about and axially
spaced along a central axis. These annular loops can be in the form of discrete
annular rings or could be substantially integrally connected in the axial direction
to form a helical coil.
20
Where the spinneret is a helical wire coll, liquid jets that form nanofibres can be
created at certain areas on the curved surfaces of the wire loops during
electrospinning when the electrostatic field intensity at that surface is sufficient
to draw the solution into a Taylor cone. As indicated above, the wire loops of
25 the coil comprise narrow annular bodies within the electric field which in some
embodiments can be arranged to minimise and/or optimise the effect of
adjoining loops on that electric field.

The helical wire coil used for the spinneret can have various configurations
30 including tubular, conical, spherical, cubic, prismic or the like. Coils of these
configurations can include a single annular loop for nanofibre production.
However, it is preferred that the coil includes two, and preferably multiple
annular loops axially spaced along the central axis of the coil. Multiple loops
provide greater wire surface area for the production of a plurality of liquid jets



configurations can include a single annular |oop for nanofibre production.
However, it is preferred that the coil includes twd, and preferably

mul ti pl e siOrRolea3dRops axi al ly spaced al ong the central Paxia20§9/0mg3coi | .
Multiple | oops provide greater wire surface area for the production of a
plurality of liquid jetsconpared to a single |oop. Two or nore of the
annul ar | O@pmaa‘red he acsngle nagp.béwepsrordreapihe, ar[mdﬁreloabﬂ; pf me coitinalyece
greater than th the wi.re. Addit or .alt

t f |
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the annul a%ddi’tﬂi?}%llyﬁdr BaE/ 2AvEIyTHVBr oMirkGredbARBIERT08PS!/AIT theOBsil Ghayaieer . or
t hese di mensi ons may vary betweéen |oops. For exanple, in some enbodi ments
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the coil i Fdpaixargie JinSdomearehsiiimentsoref evaraby rogiugastthl.ahnardt 166pss | N

one enbodi nent, the annular |oops forma substantially tubul ar shaped coi |
about the (?@F'W‘P%ﬂ‘ %)@l'ﬂg 690Q Hﬁmsplh’r‘lrﬁé’rr@@ embodimentsnthedlansi ofitheneall ieen

found t hat. g becPnihohe i@, ofc U REBBAPSR. S91d. AR IGAE" JCskkiea

electric fi ens electric f'ore regions of t he
coil away fentbodimenes)dibe Aiamster um ther mirel ettthe ccdili & detaser ). fmim eared]

across the | th of the tubular, coil configuring the annul ar | oops at
and/ or éI’O)?IO , prieeraRly Retwers Q-ﬁ@{ipaﬁ&@ﬁéped coil with a smaller radius
than the annul ar | oops proximate the center of the tubular shaped coil. The

tubul ar shaped coil can therefore have a substantially tapered profile at
the end rednone embod:iienem;' the anrstdaelcmﬂsofo'rmtssbsfﬁhéaldy tububaresreareda goih wi de

i al t we h t t haped coi l
along ¢ ho cERe TS BRNG St B7on P BPH. dA BIPEPatigeth fiTAsREst fand
i nteracti onhgaga émnaedﬂaﬁsw d hﬂméregiépe@ tbieklnaeaene amticlliche@nt fleRPP-
The spacing ("d") between each | oop can be adjusted separately, and the

| engt h1of tmensity Iin aRi applisdz electriofeldi betore regivascainthegoeihevgy temathsount er
ends. A more uniform electric field can be achieved across the length of the

tubular coil by configuring the annular loops at and/or proximate the end of the
tubular shaped coil with a smaller radius than the annular loops proximate the
center of the tubular shaped coil. The tubular shaped coil can therefore have a
20 substantially tapered profile at the end regions of the coil in some embodiments.

There is preferably a wide axial spacing between each adjacent annular loop of
a tubular shaped coil along the central axis. This configuration preferably
minimises the interaction each loop has on the electric field around an adjacent

25 loop. The spacing (“d”) between each loop can be adjusted separately, and the
length of the coil, wire size, loop diameter and configuration of a counter
electrode influence the electric field around the wire. In a preferred embodiment
the spacing between adjacent annular loops is at least 1 mm, and preferably
between 5 mm and 800 mm.

30
In other embodiments, the annular loops of the helical wire coil form a
substantially conical shaped coil about the central axis. The conical shaped coil
is preferably configured with a cone angle of between 90 to 140°, and more
preferably between 110 to 130°. In this embodiment, each annular loop can be



el ectrode influence the electric field around the wire. In a preferred

enbodi nent the spaci ng between adjacent annular loops is at least 1 nm and
pr ef er ablwolzetongaw25 mm and 800 mm I n ot her enbodi nent CTIATRI@Mad7ar | oops
of the helical wire coil forma substantgally conical shaped coil about the
central axis. The conical shaped coil is preferably configured with a cone
angl e of bepaeet ciBetyotoldd ad@oenhaneular éfogr B tvebtet thveerentrbl akis t©F0rmlan thi s

enbodi nent, each annul ar IoorP cap bespaced cl os?la/ t a_an a%j acent, annul ar
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selected to enable surface forces of viscous liquid to substantially
prevent thde subgiandally ergvent Heativkad tfllowing detwesr theutoasisewhen @t etslciic

bet ween.t he._spinne d nte | ect rode i s.th ritical
e D e e Gl S T R R

el ectric fiigedsityeathgad Wik goneralsabe idrawnshétwedrethedobps irsreid efectric
liquid jets. The helical wire coil can forma liquid reservoir_for the

vi scous | i dglcireqachrs ahe gatiea] inteasity dopdodke fymation ¢f ligsid igdaciThg. hefisal coi |
| oops of t | re ; - fr : d ' and
non- conducp\ﬁ(/ezmr)rg'[bgpi fsﬂr@.r gl 'ﬂ{@%é%?’]é’ g?@gihé3&%1%9“@%3@&@?%%9%4'%#3“ et
are forned ledpsugipgthis ozl spaglingri ni um netal s. For the non-conductive

mat er i Zb pl astics such as (but not limted to) Acrylonitrile butadiene
styrene? Pol ycarbonates, Pol yam des, Pol ybutyl ene terephthal ate,

Pol yet hyl eng,dt &5i€iBB Q@fﬁﬁé’spﬁgllelé%hﬁr@ydrggg?@?id&strﬁ@ﬂeﬂ%rﬂ%ﬁ ggductive

Pol yet her ket one, Pol yet here rket one, m des, ceram c, WO can be
used. No nanderorwbatductive roatematser inabné praferdd fomme tiudidopsafdhe apinreret

f er abl ially | f le_will be dissol ved
Phe pol ymee S TRRbT 6B Sieeki Ay RRty Fringaorbea uiE dnRaal L

the annul ap|haidsesueandd sl st Amitedn9®) mbhwnéerﬁut@@teaéogtyreﬁé,
axially spaced along a central axis. In some enbodi ments, the spinneret

i ncl udé8 a Relyqaipenaiesdi fdyamigesi ngBolybdiyianey derephéplateout Palyathylene
terephthalate,  Polyphenylene oxide, Polysulphone, Polyetherketone,

Polyetheretherketone, Polyimides, ceramic, wood can be used. No matter what
type of material is used, the coil material is preferably substantially inert to (for
example will not be dissolved by) the polymer solution used for electrospinning.
20
In yet other embodiments, the annular bodies comprise discs or rings radially
centred about and axially spaced along a central axis. In some embodiments,
the spinneret includes a mixture of discs and rings radially centred about and
axially spaced along a central axis. During electrospinning using this
25 embodiment of the spinneret, liquid jets that form nanofibres can be created at
certain areas on the curved surfaces of the disc or rings when the electrostatic
field intensity at that surface is sufficient to draw the solution into a Taylor cone.
Again, the discs and/or rings form narrow annular bodies within the electric field
which in some embodiments can be arranged to minimise and/or optimise the

30 effect of adjoining discs or rings on that electric field.

Where the spinneret includes discs, those discs could comprise solid radial

bodies, spoked bodies, bodies with cavities or the like.



axially spaced along a central axis. During electrospinning using this
enbodi nent of the spinneret, liquid jets that form nanofibres can be

creat ed awocerwmdw2areas on the curved surfaces of the ®CIAUWNYIOMIS when
the electrostatic field intensity at th surface is sufficient to draw the
solution into a Taylor cone. Again, the discs and/or rings form narrow
annul ar bodhicedheidisdrate aend@be cings cafdrelp offanphilarioepsreaantmdehempsratieh be

arranged to mnjnmse and/or optims he.effect of adjqining. discs or rings
on that el Aiang 118 fEpd0 b ceSpRERES: i pass n ik hetusep b Iabhos
coul d conprhégepitdrét il wheddigmet&Pak@dobOFa8itis APBRASoeMaliustay it ies or
the |ike. For the discrete annular rings, a group of annular |oops can be
set in par&mér wayag thenbelical sviteocdibr m a spinneret. In this case, the space

bet ween.each | oop, the spinneret length, wire dianeter and | oop radius all
can be gdj usted in a simlar way as the helical wire coil. The spinneret

can i ncl udeghenygpreetdgtedamlinbietie ohngi dedsiredr ntin@s - ofl diseseorcnbgdi Memtond he
spinneret includes a single disc or ring radially centred about and
rot at abl e &FRAdifgat.dbatsPiINaiRt BiclydesA rEgle AisePMing sadiglhe cepyethapeut

| ncl udes U upjOFouI Upiee thadilial S6ZLT B oBRAULNBRAIT ! 35 SRRtk L he
central axis, eac I sC being axially spaced apart along the central "axis.
VWher e mul tiipdledel 3we or monegdisaseradialy, centrahyalbiort aahvdinbteyeldlesaboutute di scs

or rin at the end regions of the collectjon having ,a snmaller radjus than
The. di $8s " SeNFAHEHSFa Gt ootngsotali spocHd Shat AlOdesi gl Stiss UG
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across the length the Tollection o scs or tings. There 1s preferably
a wi de axi dhe spdoegpnbaifike cobadioraih\deg @t srdaker radd/sothanithg disasnay irkgs

Cter act s omresmRtGtag ntet i ten 6ol RO CHIBES icrRS! i Sh P ent
di sc or ri ngorelitfioredibdic fief tadBbURA\RACILrbEDthd RngBPENEENYolIBtidh6f

di mensi ons of each disc or ring, configuration of a counter electrode that
i s assdei atkgrs\artings.

There is preferably a wide axial spacing between each adjacent disc and/or ring
along the central axis of the spinneret. This configuration preferably minimises
the interaction each disc or ring has on the electric field around an adjacent disc
20 orring. The spacing (“d”) between each loop is dependent on the dimensions
of each disc or ring, configuration of a counter electrode that is associated with
the spinneret and other parameters. However, in a preferred embodiment the
spacing between adjacent annular discs or rings is at least 1 mm, and
preferably between 5 mm and 800 mm.
25
According to a second aspect of the present invention, there is provided an
electrostatic spinning apparatus for producing nanofibres from a viscous liquid
in an electric field comprising:
a charged electrode including at least one spinneret according to the first
30 aspect of the present invention;
a counter electrode spaced apart from the charged electrode;
a liquid reservoir for holding a viscous liquid, the reservoir being in liquid

communication with at least one surface of the spinneret; and



t he spinneret and ot her paraneters. However, in a preferred enbodi nent the
spaci ng between adj acent annular discs or rings is at least 1 nm and

pr ef er ablwolzetongaw25 mm and 800 mm According to a secordTadpe®i0otf73t he
present invention, there is provided an-electrostatic spinning apparatus
for producing nanofibres froma viscous liquid in an electric field
conprising: a claapgeeér euppty etsstricatly uchnmpcied Ibeaseenribe sgiianged edlectoadt® di ng
to the first ect of th esent invention: a counter el ectyrode spaced
apart fromAAATERGHGI APEGeAe POWS §HPRY ap2plret cRgrcall ghamg ik cous
liquid, thenhaRfRS \MedirdiRl 2@di BupplguhdpsRAENIFRIrbAce YWdthvedh tr@%haﬁg;eﬁ
surface of the spinneret; anda power supply electrically connected between
t he char ge¢ledtwserawbtheepunter @eciieds. el ectrode, the power supply capabl e

of electrically charging the charged el ectrode and supply a potenti al
di fferehnce between the charged el ectrode and the counter electrode. In this

second aspegtthigfsgdodpaspreniof ithy @aédem invériion, Paesfibice aeosideadedisishg t he
apparatus by coating a surface of the spi nner,et(s%1 with the viscous |1iquid,
P

and usi ng e a@@@@tugmpmﬂtm er%laia@eaofptbﬁe‘mlm%@re } MéthetheevibeRuse Baid he

vi scous |iquj - Lani 0O i quid
Vet suni ch PSS GolLRLy © BtdG Al diftehts BeRititROlSbous ' 10
t he el ectr diguiat ad thelcdunter etesdttode (thé letecttaapinmisgizonepg kigoel jess sunfidh ci ent
to drawth? solution into a Tayl or ;one. The otentiﬁl di fference rﬁ%uired
to prodfce 'Y NRQNIES 1 pRG Fraetedr ahpeRRIPhEES 1t dNCePRERFE cWIFR
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counter el ectrode size and configuration, the distance between the

spi nner et @otiticountoea Tayleccoonee (the col |l ecting distance), and the physical
properties of the viscous liquid. Cenerally, for helical wire coils, the
power supply is used to create a potential difference between the charged

el ectrode The potential difference required to produce an electric field at or above the

15 critical electric field intensity is dependent on a number of factors including

spinneret and counter electrode size and configuration, the distance between

the spinneret and counter electrode (the collecting distance), and the physical

properties of the viscous liquid. Generally, for helical wire coils, the power

supply is used to create a potential difference between the charged electrode

20 and the counter electrode of greater than 30kV, preferably greater than 40kV,

and more preferably greater than 60kV. For a tubular coil spinneret, the applied

voltage used is preferably between 40 to 80kV. For a conical coil spinneret, the

applied voltage used is preferably less than 70kV. It has been found that

corona discharge can in some cases occur for voltages above 70kV for this coil

25 configuration. For a disc or ring type spinneret, the applied voltage used is
preferably greater than 40 kV.

The collecting distance, or spacing between the charged electrode and counter
electrode can affect the electric field produced therebetween, the dimensions of
30 the nanofibres produced by the apparatus, and the voltage required to produce
the critical electric field intensity. Again, the spacing is dependent on a number
of factors including spinneret and counter electrode size and configuration,

potential difference and the composition of the viscous liquid. In some



and the counter electrode of greater than 3CkV, preferably greater than
4CkV, and nore preferably greater than 6CkV. For a tubular coil spinneret,
t he appl iwo 2ou/a@e used is preferably between 40 to 8ORPUI/ARRN090CHAI cal
coil spinneret, the applied voltage used is preferably less than 7CGkV. It
has been found that corona discharge can in sone cases occur for voltages
above 7CkV enavodimests; dhé cbamgedpelecrodmis Jpaced atiastirom thermpunigres|sgirodeer et

t he applied voltage d referably greater than 40 kV. The collecting
di st ance, %%ﬂ&gﬂéﬁﬁépﬁ@ﬁﬁhe charged el ectrode and counter el ectrode
can affect the electric field produced therebetween, the dinensions of the

nanofi bres produced by the apparatus, and the voltage required to produce
the criti cdlheetigeaus liguidsran ibetamsliquid thejatam be etectiospund, ias eleggndielt on a
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may include two or nore spinnerets. The additional spinnerets provide

furtheddfibre formation
The charged electrode of the electrostatic spinning apparatus may include two

or more spinnerets. The additional spinnerets provide further fibre formation
surfaces within the apparatus. Each of the spinnerets may include a central
axis, with the respective central axis of each spinneret being generally radially

20 spaced apart relative to one another. The spacing between adjacent shafts is
preferably at least the radius of annular body, preferably in the range from the
radius to 10 times the radius of the annular body.

For example, where the spinneret comprises discs or rings, two or more rings

25 may be used with central axis radially spaced apart over the liquid reservoir. In
some forms, a plurality of discs or rings may also be axially spaced apart along
each central axis, providing an electrostatic spinning apparatus having a
plurality of axially and radially spaced apart discs or rings. The discs/rings can
be spaced apart along the central axis and each central axis is spaced apart

30 either in parallel or at various angles relative to each other. In some forms,
adjacent discs along a first central axis may be staggered with respect to
adjacent disc on an adjacent central axis.



surfaces within the apparatus. Each of the spinnerets may include a central
axis, with the respective central axis of each spinneret being generally
radi al | y wpaewd4apart rel ative to one another. The spaciPag/AlRbMeemn7adj acent
shafts is preferably at |east the radi ug of annul ar body, preferably in the
range fromthe radius to 10 tinmes the radius of the annular body. For
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el ectrospi nning. In other enbodi nents he liquid reservoir is in liquid

conmunil Bat ire$ET¥PI s imbaweicommpenicaAEoR withnBectolls&xidhe ispinnenet, enabling the
viscous liquid to be continuously feed to and/or between the loops of the coil.

In one embodiment where the spinneret preferably has a tubular helical coill,
disc or ring configuration, the reservoir comprises a liquid bath in which a

20 portion of the spinneret is immersed. Here, the spinneret is positioned above
the liquid bath and is configured to rotate about its center axis in order to coat a
portion of the viscous liquid on a surface of the spinneret and move that coated
surface out from the liquid reservoir into the electrospinning zone. The counter
electrode is preferably orientated substantially parallel to the central axis of the

25 spinneret and preferably extends substantially along the length of the spinneret.
The coated portion of the spinneret rotates out from the bath and into the
electric field in the electrospinning zone.

The counter electrode in this embodiment preferably includes a rotating tubular
30 body on which the nano-fibres produced are continuously collected during the
electrospinning process. Additionally or alternatively, the apparatus can further

include a conveyer belt.



viscous liquid to be continuously feed to and/or between the | oops of the
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| oops Bd within the reservoir when the potential difference between the
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directidn fspme[rﬁetor@ggwwt@r equtrotdaéocated below the spinneret. In order to collect
the formed nanofibres, this counter electrode preferably circumscribes an area

equal to at least the width of the spinneret at that location, and more preferably
more than four times the width of the spinneret. Suitable configurations for the
counter electrode include a plate located underneath the spinneret.

20
The electrostatic spinning apparatus according to the present invention may
also include a fluid source with an outlet located in the electrospinning zone,
and preferably proximate the spinneret. A fluid source in the electrospinning
zone directed on formed fibres can be used to adjust fibre properties, such as

25 fibre diameter and to provide a larger percentage of isolated fibres in the fibres
produced from the spinneret. The fluid source can have a fluid flow generally
directed to flow from the spinneret to the counter electrode. The fluid source is
preferably a gas, such as air, nitrogen or similar. The fluid can be in a
temperature different to the ambient operating environment. In some

30 embodiments a supply of drying air can be provided between the spinneret and
the counter electrode.



spinneret to a counter electrode |ocated bel ow the spinneret. In order to
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15
Figure 4 is an SEM image of nanofibres produced using the apparatus shown in

Figure 1 at a collecting distance of 18 cm.

Figure 5 provide graphical results of experimental runs using the apparatus

20 shown in Figure 1 illustrating the effects of operating parameters and coil
dimensions on the fibre diameter and productivity, namely (a) coil distance d,
(b) spinneret length D; (c) coil diameter ®; (d) applied voltage; (e) wire diameter
®w; (f) collecting distance G.

25 Figure 6 provides a cross-sectional view of calculated electric field intensity
profiles for the tubular coil spinneret shown in Figure 2 at an applied voltage of
60 kV showing (a) full coil view; and (b) magnified view of a single loop of the
coil.

30 Figure 7 provides a plot of the electric field intensity for the tubular coil spinneret
along the electrospinning direction.

Figure 8 provides an electric intensity profile of coil electrospinning along the
central axis of the coil.
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Figure 13 provide graphical results of experimental runs using the apparatus
shown in Figure 9 illustrating the effects of operating parameters and coil
dimensions on the fibre diameter and productivity, namely (a) dependence of
volume rate and average fibre diameter on applied voltages; and (b) diameter of
20 nanofibres from traditional needle and conical coil electrospinning with different

PVA concentrations.

Figure 14 provides a cross-sectional view of calculated electric field intensity
profiles for the conical coil spinneret shown in Figure 9 at an applied voltage of
25 60 kV, showing (a) full coil view; and (b) magnified view of selected loops of the

coil.

Figure 15 provides a plot of the electric field intensity for the conical coll
spinneret along the electrospinning direction.

30
Figure 16 is a schematic view of the set up for a disc electrospinning apparatus
according to one preferred embodiment of the present invention.



PVA concentrations. Figure 14 provides a cross-sectional view of calcul ated
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18 is an SEM i mage of PVA nanofibres el ectrospun using a conventi onal
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the (a) cyl di sc spi nner used I n the apparatus shown I n
Figure 16 fibFe gdiemederl gmdo\pirodisctizvitg,c mameely c(a)i dependencyulafi adérage fibre

el ect rospi il AP e LARNE LTSl VB1taGE (BURZD TR (Bf theSePintRRte of BVeMge™™
fiore diameter on PVA concentration (Collecting distance=11 cm, applied
15 voltage=57 kV); and (c) productivity of nanofibres under different applied
voltages (PVA= 9 wt%) and PVA concentrations (Applied voltage = 57 kV).

Figure 20 provides a cross-sectional view of calculated electric field intensity
profiles for the (a) cylinder and (b) disc spinnerets used in the apparatus shown
20 inFigure 16.

Figure 21 provides a schematic view of a multi-disc electrospinning setup

according one embodiment of the present invention.

25 Figure 22 provides a schematic view of a multi-coil electrospinning setup

according one embodiment of the present invention.

Figure 23 provides a schematic view of an air flow enhanced electrospinning
setup according to one embodiment of the present invention.

30
Figure 24 is Figure 3 SEM images of nanofibres electrospun by the apparatus
shown in Figure 23 (a) without air flow; and (b) with air flow, at an air flow rate of
120 ml/min.



Figure 22 provides a schematic view of a multi-coil electrospinning setup
accordi ng one enbodi nent of the present invention. Figure 23 provides a
schemat i cwoi2ew/@Booan air fl ow enhanced el ectrospi nni ng PETNV20@900IXIBNg t O
one enbodi nent of the present inventiongquFigure 24 is Figure 3 SEMinages
of nanofibres el ectrospun by the apparatus shown in Figure 23 (a) w thout
air flow dngureds pravides a pldtony, thatfibae diametelr @ndrdisteibafiod 20r exgarinmer®agur e
25 provides a Bl.ot Bf t he fibrﬁ di anet er d distribution for experinental
runs usi ng 't USHE4NE AROAGURANPWN ) HIFWE £ Det ai | ed Description Exanple 1
- Tubul ar Coil Spinneret Experinmental set up Referring firstly to Figure 1,
there is shown an el ectrospi nning apparatus 10 according to a first

embodi ment Dgtailed Qesetiplion nvention. This el ectrospi nning apparatus 10

i ncludegs a charged el ectrode 12 which includes a rotatable tubular helical
coil spFnneret 14, a rotatable tubular counter electrode 16, a bath 18

cont ai ni ng Exaneplee TUBWAIE CoilSpidmérét hi gh vol tage power supply power
supply 22 (in this case a ES1 O0P nodel power supply from Gamma Hi gh

Vol t age Research) connected between the charged el ectrode 12 and counter

el ectrode MO el ectrode 16 conprises a netallic drum positioned
above and I:If%(ﬁg?}l vmﬁs%% par gl lel with the spinneret 14. Wile not shown, the
rotation ofRefacimgofirstifetospigarerietthdre @ndhowe a@atrospirming eppatdus s1ri ven

by a drive nmeans such as an electric, notor whjch rqotates each of the
opi nnet Bt PECRRING fR AcShERDOSTERR hbe1resent VBRI, ndVe SlRUZSPEANE ew of

charged el BPEs 48 ihdude9Wtnafydd Bldctode 12N0Rich ihdiSdéLh StatabI8 MG Rhr 14 1S
a tubul ar ?ﬁgpgﬂ spi rlaﬁauco?\fy{bna&(hom a netal IWIhI’Ie coﬁa. #the spi nneret 14
i ncl udes f ihedicaineail apinheogis14f a wotadabladiubulay crmiercdlegtrode Hnda daterid ng
al ong a centr{aI. axi s )1—X. ThF .endzvvi [ artiopns of the coil are

containing a polymer solution 20 and a'high voltage power supply power supply

22 (in this case a ES100P model power supply from Gamma High Voltage

15 Research) connected between the charged electrode 12 and counter electrode

16. The counter electrode 16 comprises a metallic drum positioned above and

lengthwise parallel with the spinneret 14. While not shown, the rotation of each

of the spinneret 14 and the counter electrode 16 is driven by a drive means

such as an electric motor which rotates each of the spinneret 14 and the

20 counter electrode 16 at 40rpm.

A more detailed view of charged electrode 12 is shown in Figure 2. The
illustrated spinneret 14 is a tubular shaped spiral coil made from a metal wire
coil. The spinneret 14 includes five annular loops of wire radially centred about

25 and extending along a central axis X-X. The end wire portions of the coil are
connected to a metal tubular axle 24. The spinneret 14 rotates about the axle
24. The spinneret 14 is positioned between the bath 18 and the counter
electrode 16 with a bottom section partially immersed in the polymer solution 20
in the bath 18. Slow rotation of the spinneret 14 within the bath 18 coats a thin

30 layer of polymer solution onto the surface of the wires of the spinneret 14.
These coated sections rotate about the axle 24 to a position between the bath
18 and the counter electrode 16.



connected to a netal tubular axle 24. The spinneret 14 rotates about the
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gauge, outer rmoana | nier used to
el ectr ospi rzapparaib‘sb()es usi ng the same PVA poI yrrer solution as used for the
coi | Eﬁar atus 10. El ectrospinning was conducted at an applied voltage of

22 kV and a collecting di stance of 15 cm The average fibre dianeter of the
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and the colsbriioRrasiiisén fo? th@ eI apparatus 10. Electrospinning was conducted at an
15  applied voltage of 22 kV and a collecting distance of 15 cm.

The average fibre diameter of the nanofibres produced in experimental runs
was calculated from SEM photos of the nanofibres with the aid of image
analysis software ImagePro+4.5.
20
Experimental results
During electrospinning, viscous PVA solution was loaded on the wire surface of
the coil spinneret 14 by slow rotation of the spinneret 14. A high voltage was
then applied between the polymer solution and the collector drum to form a
25 plurality of polymer jets on the top part of the spiral coils of the spinneret 14.
These polymer jets were produced from points on the top part of the coils of the
spinneret 14 and had about a 90° spread relative to a perpendicular central
angle from the formation point on the coil surface. The minimum applied voltage
that induced polymer jet formation was about 40 kV. The nanofibres produced
30 by the apparatus 10 were much thinner had a narrowed diameter distribution as
compared to those produced by the conventional needle electrospinning
apparatus.
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the coil distance d increased the PPC, suggesting increased el ectrospinning
etfic 1egcy'Figures 5(a) and 5(b) show that changes in the coil dimensions influence fibre
productivity. Increasing the coil length D (and number of coils in that length)
increased overall nanofibre productivity of the apparatus 10 but decreased the
nanofibre productivity per coil (PPC) of the spinneret 14. Increasing the coil
distance (d) within the range of 1cm to 2cm increased the productivity of
20 nanofibre formation. However, productivity decreased when the distance was
larger than 2cm. Increasing the coil distance d increased the PPC, suggesting

increased electrospinning efficiency.

As shown in Figures 5(c) and 5(e), overall nanofibre productivity increased with

25 alarger coil diameter ®©. This is likely a result of a larger coated surface area
providing more locations for the formation of polymer jets. Using a larger wire
diameter ®w (Figure 5(e)) also increased nanofibre productivity.

Figures 5(d) and 5(f) show the expected productivity increases when using a
30 greater applied voltage. A greater applied voltage also produced finer fibres
with a narrower diameter distribution. When the applied voltage was 60 kV, the
average fibre diameter was 237 nm. As expected, nanofibre productivity

decreased when using greater collecting distances G. It was also found that a



As shown in Figures 5(c) and 5(e), overall nanofibre productivity increased
with a larger coil dianmeter F. This is likely a result of a |arger coated
surface aweaopvwesiodi ng nore |ocations for the fornationPofi/Aiabermersipet s.
Using a larger wire diameter Fw (Figure p(e)) also increased nanofibre
productivity. Figures 5(d) and 5(f) show t he expected productivity

i ncr eases \igheruPMAg cangerinateon apgeased vitdread@meiegrarat eedaqryl inaoolibie age
al so produced finer fibres with a narrower dianeter distribution. Wen the
appl i ed volf %LéCt % 60 kV, the average fibre dianeter was 237 nm As
expected, nanofibre productivity decreased when using greater collecting
distances G It was also found that ahi gher PVA concentration increased
fibre di amktigureafiel aeducledllustraies bihe plastiictfield tiptensitigsr ef dae agrira beoil
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nanof i %e producti vi t The effect nsions on.the el ectric

[

i ntens eleSQlHio FRRger PYR @ﬁpggeﬁelgﬁglceﬁd RENSFUGH I§th MYGRETY, the
electric f'|§§9eﬂcH%8'P\%ﬁeyar$eﬂﬁ%?'@c% F%Qltgllr}’hfghgﬁhéﬁgﬁﬁr@sqqoé%t e of the
e counter electro

spinneret 14 to t e 16 Figure 8 ows t t the electric
field intensity at the outer coils (or ends of the spinneret) is greater

be. addr essafeos PERUE H! (HASESPNS AR eHogT C AP\ SHL PR BoPts GHOMY Ihe
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15 rapidly from the coil surface of the spinneret 14 to the counter electrode 16.
Figure 8 shows that the electric field intensity at the outer coils (or ends of the
spinneret) is greater than at those coils away from the ends. This difference in
intensity could be addressed by reducing the coil diameter of at least a portion
of the outer coils.
20
Conclusion
A large number of nanofibre forming jets can be generated simultaneously on
the top part of a tubular spiral coil spinneret 14. The nanofibres produced using
this apparatus 10 have a finer average fibre diameter than these produced by a
25 conventional needle electrospinning system. Productivity and fibre morphology
can be optimised by adjusting the coil shape and operating parameters of the

apparatus 10.

Example 2- Conical Coil Spinneret
30
Experimental set up

Referring to Figure 9, there is shown an electrospinning apparatus 50 according
to a second embodiment of the present invention. This electrospinning



the top part of a tubular spiral coil spinneret 14. The nanofi bres produced
using this apparatus 10 have a finer average fibre dianmeter than these
produced W9 2a100@8002nt i onal needl e el ect rospi nni ng syst eRCTRAW00L378ty and
fi bre norphol ogy can be optim sed by adhgsti ng the coil shape and operating
paraneters of the apparatus 10. Exanple Coni cal Coil Spi nneret

Exper i nent appsaeatus pORetlades agchangsd glectrotle G2hehiehiisclstiesva aomical wire-coil
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el ectrode 56, and a hi gh vol t age power SEE power supply 62 (in this case
glt
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ol cotr ole SR P8Es ThobS e HERTGIE S FrToes Bertatel HEe 8D MHE et
54. The |Ilp¢gtt|batagcbe$m~m‘@g|e|hnéfbt(5qnprl ses a cone- shaped W re coi |l made
fromcopper wire having a wire dianmeter of 1 mm The spinneret 54 is 15 nm

in height and has a cone angle of about 120. The wire of the spinneret 54

|'s connect t‘r?l Bl s éﬁ'ntﬁ?s{qggi?g%ﬁpﬁéé%o'aycor'fé‘%hﬁgé@Wﬁu?ftcoa“gia%eafr‘é sed

cone exten rom an ace to a base Ine a |1 qul d
reservoir 5:8ppe|swlie Inﬁrangcmwmendmhieter af gommymrerTreokpihheret G qsam5harrhe1 d. As

he. opl Anc G941k VAR gL 8575 Able oL AERLE 1207 ol -k TinappRgret 54 & *
vi scoel ast IC%ﬂHéét’éBQO%fhlﬁH?[ﬁHQ%;é?B(NG?%[JH@gon to substantially retain the

pol ymer sol ution betwee s 64 and the reservoir 58 when the
potential difference between the counter el ectrode 56 and spinneret 54 is

2005y . ¢ he T SHiCTEb B4 58 oot eiPHERed St A D BT BRI ones)
on the surfRqf t8fddfiR® a liquid reservoir 58 inside the cone in which a polymer solution
15 60 can be held. As shown in Figure 10, the spacing between the loops 64, 65
of the coils of the spinneret 54 is about 1 mm to enable surface forces and the
viscoelastic nature of the polymer solution to substantially retain the polymer
solution between the loops 64, 65 and the reservoir 58 when the potential
difference between the counter electrode 56 and spinneret 54 is below a critical
20 value (as shown in Figure 10(a)). As shown in Figure 10(b), the polymer
solution forms liquid jets (in the form of Taylor cones) on the surface of the
loops 64, 65 and on the liquid surface between the loops 64, 65 when the
potential difference in the electrospinning zone between the counter electrode
56 and spinneret 54 reaches the critical value.
25
For experimental purposes, PVA (average molecular weight 146,000 to
186,000, 96% hydrolysed) obtained from Aldrich-Sigma was used to as the
polymer solution to form nano-fibres. It should be appreciated that other
polymer solutions could also be used for nanofibre formation using the
30 illustrated apparatus. The polymer solution 60 in the bath 58 is electrically
connected to the power supply 62 via the spinneret 52. The counter electrode
56 is connected to the ground electrode of the power supply 62 and is used to

collect nanofibres formed using the apparatus 60.



| oops 64, 65 and on the liquid surface between the | oops 64, 65 when the
potential difference in the el ectrospinning zone between the counter
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convent %OHZ%S%GCE&%@ el ectrospi nni ng apparatus (not shown) having a needle
gauge, out er of 0.82 mmand inner dianeter of 0.51 mmwas used to

el ectrospi n nanofi bres using the sane PVA pol yner solution, with applied

vol tage and collecting distance 22 kV and 15 cm respectively. The average
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cone spi nnanetystsisottvgarki IMag@Prbth.5a vi scous PVA solution. A high electric

vol tagi was then applied between the wire coil spinneret 14 and counter

el ectrdfe 56 usi ng the power supply 62. This caused the charged pol yner

sol ution t g pRYEmdIeLMEss ishe wire | oops 64, 65 of the coils of the

spi nner et 1Af$aén cover the outer surface of these |oops 64, 65 as shown in
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surface.  spinneret 14 and counter electrode 56 using the power supply 62. This caused

15 the charged polymer solution to move between the wire loops 64, 65 of the coils

of the spinneret 14 and cover the outer surface of these loops 64, 65 as shown

in Figure 10(b). A number of jets 68 were then generated, mainly on the conical

wire surface of the loops 64, 65. These jets 68 were generated from those

areas on the wire surface that had sufficient polymer solution on the surface.

20 Jet 68 stopped forming once the solution was temporarily exhausted from that

area, and started in a second adjoining area with sufficient polymer solution on

the surface. This allowed the first area to be replenished with polymer solution,

and reform a jet 68 once another adjoining surface was exhausted of polymer

solution. The minimum voltage to generate jets 68 was found to be 45 kV, and

25 the lowest voltage that led to the occurrence of corona discharge was 70 kV.

Nanofibres could be electrospun using the apparatus 50 without any difficulty
between 45kV and 70kV.

The typical nanofibre morphology of a nanofibre spun using the conical coil
30 spinneret 54 is shown in the SEM image of Figure 11. The nanofibres
electrospun from 9 wt% PVA solution at different applied voltages all showed
bead-free fibrous morphology. For comparison purposes, the fibre morphology

of nanofibres produced using a needle based electrospinning device is shown in



Jet 68 stopped form ng once the solution was tenporarily exhausted from
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apparatus 50 el ectrospun nanofibres were smaller than the nanofi bres

producéd f ,Q)mra@et@peaverage fibre diameter for the wire coil apparatus 50 electrospun
nanofiores were smaller than the nanofibres produced from needle

electrospinning.

The fibre productivity for this electrospinning system can be estimated based on
20 the volume rate. According to the volume rate data given in Figure 13(a), the

highest production rate for producing dry nanofibres using the conical coil

electrospinning apparatus 50 was calculated to be 0.86 g/hr at 45 kV and

2.75g/hr at 70 kV. In comparison, the highest rate of producing dry nanofibres

from the needle electrospinning apparatus based on the volume rate value was
25 0.018 g/hr at 8 kV and 0.207 g/hr at 24 kV.

The average diameter of nanofibres electrospun from PVA solutions of different
concentrations is shown in Figure 13(b). Under the same applied voltage, with
the increase in the PVA concentration, both the average fibre diameter and

30 diameter distribution increased slightly. In comparison, the diameter data of the
nanofibres electrospun by the needle electrospinning under the optimized
conditions, which produced the finest nanofibres, is also shown in Figure 13(b).
With the same PVA concentration, the nanofibres from conical coil spinneret
always had smaller average fibre diameter.



el ectrospinning. The fibre productivity for this electrospi nning system can
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wires. It spaad d be appreciated that the el ectrlc field is the main driving
force for initiating the formation of a jet of polynmer solution. A polyner
solution charged by an electric field of a higher intensity is easier to

generate ]:Eéq and these jets should be stretched under stronger forces,
hence prod ’7?6“ ?her fibres. Conclusion El ectrospi nni ng of PVA nanofi bres

using a CcorH|g@tosfinfing0bf P NiEdtorés? using a conical wire coil spinneret 54
15 produces a large number of liquid jets simultaneously on the conical coil
surface, providing good fibre productivity. Furthermore, the resultant nanofibres

had a finer average fibre diameter than that produced by a conventional needle

electrospinning system.
20 Example 3 - Disc Spinneret

Experimental set up
Referring firstly to Figure 16, there is shown an electrospinning apparatus 110
according to a third embodiment of the present invention. This electrospinning
25 apparatus 110 includes a charged electrode 112 which includes a rotatable disc
spinneret 114, a rotatable drum counter electrode 116, a bath 118 containing a
polymer solution 120 and a high voltage power supply power supply 122 (in this
case a ES100P model power supply from Gamma High Voltage Research)
connected between the charged electrode 112 and counter electrode 116. The
30 counter electrode 116 comprises a metallic drum positioned above and
lengthwise parallel with the spinneret 114. While not shown, the rotation of
each of the spinneret 114 and counter electrode 116 is driven by a drive means
such as an electric motor which rotates each of the spinneret 114 and counter
electrode 116 at 40rpm.



produces a |l arge nunber of liquid jets sinmultaneously on the conical coi
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el ectrospi nni ng apparatus 110 according to a third enbodi nent of the

present invention, This electr inning apparatus 110 in¢cl udes a,charged
Gl ectrode 108 HRiatsthepfimecet T 18: & 2B aCBTaLT sismeren Er, o5, 863, kb e
drum count fiaribRe! r 78 ddiRneret PRIA id oshiNedl BeRigeeh RS WERR F18 WnidOthel 20
and a high voltage power supply power supply 122 (in this case a ES1 00P

nmodel powercosnislgledtrasa GhomvwitiHa otien segioReariallyHmneensaddo doe nolyoeen t he

compr sds. SohuBARIE MR AR B bR orhe) i A2t Sl B BRI e
spi nneret  144. coths leethotaysr@ipolyier solutibh whtoftheatffaek dfftre spremner gle 114
and counter electrode 116 is driven by i ve neans such as an electric

d
Tot or whi cRPRBEARicLibadiese Gamied seRRRS OBt A FeuRKer 124 i PrRRRINLG at
40 pm The okhySLe F1EHaHPl AnSielndlddy e ABcahygum di sc 2mm ong and som

in dianeter. nner et osrtrone etween the bath 118 and the
counter electrode 116 with a bottom section partially imersed in the

pol ymer solution 120 in the bath 118 . Slow rotation of _fhe spjinne 114
wi t hi n1®he F@at%pﬁm@%%agt@irBO%q?ﬁ,@n qfeFoLGt patyrweﬁol%t&mﬂ?@ﬁo rl§'ﬂ91§/tﬁjrface
of the wir he oRRLHreNEighl b4 2§ t @go b ob R BY t he
axl e 124 tgé\é&gggi tP?%b@t vvg&é;n thg’%{fhg?’(l@g@én ?ﬁ@ﬁcﬂzﬁc@réﬁaeg’?r oge 116 .
For exper i rdarici-Sigmp ssssyseartodque casogdirgse it should be appaTiatedpnatdthgr PVA

(average nol ecul ar ight 146, 000-1 86, 000, . 96% hydr ol sedﬁ obt ai ned from
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ot her illustrated apparatus. The polymer solution 120 in the bath 18 is electrically
15  connected to the power supply 122 via an immersed electrode (not shown). The
counter electrode 116 is connected to the ground electrode of the power supply

122 and is used to collect nanofibres formed using the apparatus 110.

For comparison purposes, an aluminium cylinder spinneret 20 cm long and 8cm
20 in diameter, was used in a similar experimental set up as used for the disc

spinneret 114 shown in Figure 16.

The average fibre diameter of the nanofibres produced in experimental runs
was calculated from SEM photos of the nanofibres with the aid of image

25 analysis software ImagePro+4.5.

Experimental results

During electrospinning, viscous PVA solution was loaded on the surface of the

disc spinneret 114 by slow rotation of the spinneret 114. A high voltage was
30 then applied between the polymer solution and the collector drum to form a

plurality of polymer jets on the top surface of the spinneret 114. The formation

of jets/filaments was mainly influenced by the applied voltage and the polymer

concentration.
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15 As shown in the SEM images in Figures 17 and 18, the fibre morphology was
also influenced by the applied voltage. The dependency of the average fibre
diameters calculated from SEM images is provided in Figure 19 (a). As shown,
nanofibres electrospun from the disc spinneret 114 showed bead-free fibrous
structure.

20
Figure 19(a) shows that an increase in the applied voltage from 47 kV to 62 kV,
reduces the average fibre diameter slightly and the diameter distribution
became narrower. For the cylinder spinneret, the average fibre diameter and
diameter distribution showed a very small dependence on the applied voltage.

25 The variation of the applied voltage between 47 kV and 62 kV led to little
change in fibre diameter and distribution.

Besides the applied voltage, the distance between the spinneret and collector
also influenced the electrospinning process and fibre morphology. It was
30 noticed that the distance between the spinneret 114 and collector for the disc
electrospinning system could be adjusted between 11 cm and 19 cm. A shorter
spinning distance led to wet fibres which merged to form a polymer film on the
collector, while a longer spinning distance resulted in stoppage of
electrospinning because of weak eclectic filed. For the cylinder electrospinning



jets fromthe entire cylinder surface. It is thought that the axial |ength
of the cylinder spinneret had a greater effect on the electric field as
conpar ed WO 20tve4p@er ow wi dt h of the disc spinneret 114. PA3/AdR0M01373t he SEM
i mages in Figures 17 and 18, the fibre rphol ogy was al so influenced by

t he applied voltage. The dependency of the average fibre dianmeters
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15 rate increased for both electrospinning systems with an increase in the applied

voltage.

Figure 20 shows the electric field profiles around the spinneret surface and in
the electrospinning zone (from the tip of spinneret to collector) for the cylinder

20 spinneret (Figure 20a) and the disc spinneret 114 (Figure 20b) calculated using
finite element analysis (using FEMLAB3.4). The disc spinneret 114 has a
different electric field profile to the cylinder spinneret. The field lines around the
disc spinneret were concentrated on the peripheral edge area. However,
electric field on the cylinder concentrated on the cylinder ends. Jet initiation

25 leading to nanofibre formation is strongly influenced by the electric field intensity
around a spinnerets surface. The electric field intensity along the cylinder
surface is higher at the cylinder ends and reduces gradually toward the middle
surface area. The higher electric field intensity at cylinder end than in the middle
cylinder surface could be the main reason for that the jets/filaments were

30 generated only from the ends of cylinder surface when the applied voltage was
low. Similar to the cylinder surface, the electric field intensity on the disc surface
of the disc spinneret 114 decayed from the top of the disc toward the liquid
surface. With the increase in the applied voltage, the electric field intensity
increased on the entire surface.



narrower dianeter distribution than those fromthe cylinder spinneret. The
nanof i ber el ectrospun fromdisc spinneret 114 showed a | ower dependence on
t he PVA cwocemiwaiozon that the nanofi ber el ectrospun fr @gresipesder373
spinneret. Figure 19(c) shows that the ?ﬁoductivity of a cylinder

el ectrospi nning unit was influenced by e applied voltage and pol yner
concentration. The production rate increased for both el ectrospinning
systens wit an i.ncrease in the applied voltage. Figure 20 shows the

el ectric fi iles around the spinneret surface and in the
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cylinder spinneret (Figure 20a) and the disc spinneret 114 (Figure 20b)
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the applied voltage was low. Simlar to the cylinder surface, the electric
field intensity on the disc surface of the disc spinneret 114 decayed from
the top of Exampliest—tMulipde Disc/coijBpinperétace. Wth the increase in the
applied voltage, the electric field intensity increased on the entire
surface. Concl usi on PVA nanofibres can be electrospun fromthe surface of a

rotating mayatiodesetduring el ectrospinning, nanofibres were mainly
produced fromthe edge area, and the voltage for initiating the

el ectr 8 pi rﬁﬁfﬁ@lnlgr @@elglgumgmz;zthece (||9V$hown an electrospinning apparatus that
includes a charged multidisc spinneret 204, a container 202 for polymer solution

203, and counter electrode 206. It should be understood that a high voltage
power supply power supply (not shown) would be connected between the
spinneret 204 and counter electrode 206. The counter electrode 206 includes
20 two spaced apart metallic drums 210 and belt 211 positioned above and

lengthwise parallel with the spinneret 204.

As illustrated, the spinneret 204 contains a plurality of rotatable fibre generators
comprising metal discs 212. The distance between each two adjacent discs 212
25 along the shaft 205 is 15 cm. The distance between two adjacent shafts
(central axis) is 55 cm. The diameter and thickness of the discs 212 are 80 cm

and 2 mm, respectively.

Experimental results

30 During electrospinning, viscous PVA solution (similar to the solution described
in the previous examples) was loaded on the surface of the disc spinneret 204
by slow rotation of the discs 212. A high voltage was then applied between the
polymer solution 203 and the collector 206 to form a plurality of polymer jets on
the top surface of the discs 212.



Wwm%. Wth an increase in the applied voltage, the disc-spun nanofi bres
becane finer with a narrower dianeter distribution. Under the sanme

condi t i oS0 208W@BG0Rr es generated fromthe di sc spi nner ePCEAR0G%00€373t han
those produced by a cylinder spinneret. furthernore, the electrospinning
production rate of a disc spinneret is simlar to a cylinder spinneret of
the sane dianmeter. Exanple 4 - Miltiple Disc/coil Spinneret Miltidisc setup
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hi gh vol tage power supply power supply (not shown) woul d be connected
bet ween the spi nneret 204 and counter el ectrode 206. The counter el ectrode

206 inc part metallic drunms 210 and belt 2 11 positioned
above a @%@%ﬁf@@gg sgl lel with the spinneret 204. As illustrated, the
spi nneret Z!Oé m@t@tl 258 &apl asalintlvdefmoas maibbﬁefﬂubu%rweroamréewml si ng
met al di scs . The di stance between each two adjacent discs 2 12 al ong

the shaf ¢ BOBSUGIILS e BIROISDINING BB EH thvadodceibn shifesatain r al
axis) s S¥Gipy Ive?y.? ‘E%X@Wﬁfs%t agpl'n*HeF ”E?%Jr?élu&&etxﬂbstﬁﬁul%r]c%ulérfztﬁozﬂm and

2 mm respec peri nmen resu el ectrospi nni n Vi scous
PVA sol uti @achshouhtad droa Bhpa&mé wental abdeczzzbédBl o hdfleenﬁr&t\axm:szmgaﬁﬁﬁ es)

was | oaded on the surfa Cc spi nhneret 20 slow rotati of the
i ocs 3075 are sty Shasataesny & fstncat iamibe codrodie B0 ees ebfe on
203 and th%oﬂoﬂa'gﬁfé OrTr?é’Q:oﬁl &%}Y %?at@'éif Ly e s%fHeY Witecli6h SorOBBEB&é op

i sc e fo

surface of s 2 12. T rrratlono Jets/filaments was fouhd to be
mai nly i nf|diresten by the applied voltage and the pol yner concentration of
t he polyner solution 203. Miultiple spiral-coils
This spinneret 218 operates in an electrospinning apparatus in a similar manner
15 as described for a single coil spinneret 12 in relation to the electrospinning

apparatus 10 shown in Figures 1 and 2.
Example 5 — Air flow Enhanced Electrospinning

20 Experimental setup
The basic spinneret 230 air flow setup is illustrated in Figure 23. This spinneret
230 operates in a spinneret 218 in an electrospinning apparatus in a similar
manner as described for the disc spinneret 114 in the electrospinning apparatus
110 shown in Figure 16. However, in this setup a tubular nozzle 232 is included
25 in the electrospinning zone which directs air flow in the direction from the
spinneret 230 to the counter electrode (not shown but located generally above

the spinneret 230).

In this set up, air flow is used to enhance electrospinning. An air flow can be
30 applied from the nozzle 232 or other area around the electrospinning setup, with
the air flow direction from the fibre generator (in this case ring spinneret 230) to
the collector (not shown). The overall rate of the air flow is generally in the
range between 60 ml/min and 6L/min, depending on the length and structure of

spinneret 230.



A spinneret 2 18 can also include nore than one tubular coil to increase
the productivity of the el ectrospinning apparatus. A two coil setup is

i |l ustratwo 20n0/HEB@are 22. The illustrated spinneret 218PCHAU2®H13N0
tubul ar coils 220, 221 each nounted on separate central axle 222, 223.
The central axles 222, 223 are radially spaced apart by a distance of from
the coil radius to 10 tines of the coil radius. The coils can rotate either
in the sane_directi,o ar, opposite direction. This spinneret 2 18 operates
in an el ectT&EHMA q#q ratus in a simlar manner as described for a
single coi |F|§lﬂ‘ermﬁéﬁéw§,2hé rﬂnér@hé!dg‘?rbftr%riotﬂléréﬁ 8lekLiraspim roROtHPAgpaks 10
shown in Figures . Exanpl e | ow Enhanced El ectrospi nning
Exper i nent owist ln;ﬁgw@ %wm cﬁngumezde(a))zand ‘a/ilthOIﬂll Gugwet2dib))shelprasence ed in

Fi gure .S 2 a spinneret 218 in an

el ectro p| IQ 'F@%%%§W$&“%ﬁgggg?ﬁg%gfzﬁgnner as described for the disc
spinneret 114 in the el ectrospinning apparatus 110 shomn in Figure 16 .
However, in this setup a tubular nozzle 232 is include
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above the spinneret 2 is set U air f t'0 enhanc

el ect r ospi rectigpspimirg,ledding/tc an nblermmiec&a:d fibroostshreicwwezl e 232 or ot her
area arqund the electrospinning setup, with the air flow direction fromthe
fibre nerator (in this case ring spinneret 230) to the collector (not

shown) . They e7:| lHeRt et P&N%ésfénggH; r}‘éréil¢b}j)'tﬂetl?&lerc?étﬂ?bﬁ§§v"een

60 M/ mn an depen ing on th h”and structure of spinneret
230. Experi rap)pear moeeuﬂdla;teﬁl gure 24 shows the norphol ogy of nanofi bres

el ectrospun fromthe apparatus shown in Figure 23 with (Figure 24(a)) and
w t hout (Figure 24(b)) the presence

The air flow also influences fibre diameter. As shown in Figure 25, air flow
15 enhanced electrospinning results in finer fibres with a narrower diameter

distribution.

Those skilled in the art will appreciate that the invention described herein is
susceptible to variations and modifications other than those specifically
20 described. It is understood that the invention includes all such variations and

modifications which fall within the spirit and scope of the present invention.

Where the terms "comprise", "comprises”, "comprised" or "comprising" are used
in this specification (including the claims) they are to be interpreted as
25 specifying the presence of the stated features, integers, steps or components,
but not precluding the presence of one or more other feature, integer, step,

component or group thereof.



of an air flow fromthe tubul ar nozzle 232. Wthout the presence of air
flow (Figure 24(a)), the collected fibres could bridge each other because
of the i ns0ofbiogi4aeo sol vent evaporation during el ectrospCmmaugo/doexidi ng to
an interconnected fibrous structure. Hoygver, when the air flow was applied
(Figure 24(b)), the collected fibres appear nore isolated. The air flow

al so i nfl ueBGlamst:i bre di aneter. As shown in Figure 25, air flow enhanced

el ectrospinning results in finer fibres with a narrower diameter

di stribution. Those skilled in the art will appreciate that the invention
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axially spaced along a central axis. 2. A spinneret according to claiml,
wher ei n0t he annul ar bodi es conprise annular |loops radially centred about

and axial |y Spa%\gpage ragg&ﬁm Tgalt%%’l‘élﬁr 3. wﬁ‘efr%FH '?r’ﬂ@raﬁ/ter PREGLBDof thee! @i m

2, wherein the av Ius o e annul ar oops 1S b en 5 and 1000
mm 4. A spinnokardeopisdratwvagn Hoared 4000 mymwher ei n t he annul ar | oops are

4. A spinneret according to claim 2, wherein the annular loops are
15  substantially integrally connected to form a helical coil.

5. A spinneret according to claim 3, wherein the annular loops form a
substantially tubular shaped coil radially centred about the central axis.

20 6. A spinneret according to claim 5, wherein the radius of annular loops at
and/or proximate the end of the tubular shaped coil are smaller than the annular
loops proximate the center of the tubular shaped coil.

7. A spinneret according to claim 4, wherein the annular loops form a

25 substantially conical shaped coil radially centred about the central axis.

8. A spinneret according to claim 7, wherein the conical shaped coil is
configured with a cone angle of between 90 to 140°, preferably between 110 to
130°.

30
9. A spinneret according to any one of claims 4 to 8, wherein the length of
the coil is greater than 2mm, preferably between 20 and 6000 mm.



substantially integrally connected to forma helical coil. 5. A spinneret
according to claim3, wherein the annular |oops forma substantially

t ubul ar swiepeth/@aiok radially centred about the central &KIr&AU2609/0013pi nner et
according to claimb5, wherein the radi uggof annul ar | oops at and/or

proxi mate the end of the tubular shaped coil are smaller than the annul ar

| oops proxil@at e A Beinocerdatexccofdind¢o ol drer ofstiajpesl 4ctoi 9,. wherein the diaerater

according to.claimd4, , wherein.the ular | forma sybstanti al
con cal " ongpdie BR of el G s EaeFad Srudiand 80 an, B ety bENOER B ner o
accordi ng tpgE@hm. 7, wherein the conical shaped coil is configured with a
cone angle of between 90 to 140 preferably between 110 to 130. 9. A
spi nneret according to any one of clains 4 to 8, wherein the length of the

coil is.greater jghal ref. Iy b Q a 10 spi_nner et
accordi ﬁg ﬁg anyb‘ 8&@“%@0?%0%%%803’@ 8%?&'%%%2%?@8&’@6@” Hﬁ?@ %i% e of
the coil i svietwesBplcihg banaseh é@@hrm‘ad@heéﬁn@bkLodwmﬁgmh@céntm@@mn 11.
A spinneret according to any one of clains 2 to 10, wherein there is a w de
axi al spacit®SBENRE¥n each adj acent annul ar | oop along the central axis of
the spinneret. 12. A spinneret according to claim1l2 , wherein the spacing
bet ween adj acent annular loops is at least 1 mm preferably between 5 nm
andh800 n}n121|3. %@phemaego@f:@rﬁiélagnﬂa, wnhg_reineh@épad:iag rh:etvlﬂeemadi@fcemherei n
each anpul ar op is spaced cl ose o an adjacent annular |oop relative to
Che conbr aANglEE TagPss AL FaSs i Hler 2 ) OERUES Barica Bae ARG acent

annul ar |l oop. 14. A spinneret according to claim 13, wherein the spacing
between the |l oops is selected to enable surface forces of viscous liquid to
subst anti allBy t &\ sginaeret elcaordingyto anenewénlairme 2 toolds wherainagack aanularc

field betw?en t he spinneret and a.counter Fl ?ctro e.ls Ieﬁss than a critical
intensity. oop Is spaced closely to an adjacent annular Toop relative to the central axis so

as to form a small aperture between each adjacent annular loop.

15
14. A spinneret according to claim 13, wherein the spacing between the
loops is selected to enable surface forces of viscous liquid to substantially to
retain that liquid between the loops when an electric field between the spinneret
and a counter electrode is less than a critical intensity.

20

15. A spinneret according to claim 4 and any one of claims 5 to 14 when
appended to claim 4, wherein the helical wire coil includes a liquid reservoir
within the annular loops in which viscous liquid can be held.

25 16. A spinneret according to claim 1, wherein the annular bodies comprise
one or more discs and/or rings radially centred about and axially spaced along a

central axis.

17. A spinneret according to claim 16, wherein the spinneret includes a
30 single disc or ring radially centred about and rotatable about the central axis.

18. A spinneret according to claim 16, wherein the spinneret includes two or
more discs and/or rings radially centred about and rotatable about the central
axis, each disc being spaced apart along the central axis.



15. A spinneret according to claim4 and any one of clains 5 to 14 when
appended to claim4 , wherein the helical wire coil includes a liquid
reservoi rw@izdtweasake annul ar | oops in which viscous |igocCa/Aaamdve1itel d. 16.
A spinneret according to claim1, mhere? t he annul ar bodi es conpri se one
or nore discs and/or rings radially centred about and axially spaced al ong
a central axis. 17. A spinneret according to claim 16, wherein the
spi nneret i,ncludes .a single djsc or, ri dlaII centre bout
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centred about and rotatable about the central axi s, each disc being spaced

apart al ong the central axis.19. A spinneret accordl ng to claim18 ,
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for producivigonamghicines éleemcdictd 86@psisinggui d in an electric field
conprising: a charg@ed el ectrode i ncl udi ng at | east one spinneret according

to any one of tfeCha@eddelggiredaiin@udiagcdiulpes Oé‘lee%@'ﬂﬁ@l@tsa}ﬁ@@n&ﬁar@nWrom
the charged %lcﬁ(tﬁé?)f&eo‘?’nod b@thl reservoir for holding a viscous liquid, the

reservoir bein communi cation with at | east one surface of the
spi nneret; and a qwer slepipdge ebamdapaﬂtlfry)rrcmmrgddletﬁomle t he charged

el ectrode and the, counter el ctro t he power su capab
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An el ectrostati c splnning apparatus accordi ng | m 20, further
i ncluding at | e&poweo a&pptmetem:tmadalycmrdtem@ed cbeamgermrtbeodhargem rfﬂedtrade 19,

each of the s nnere a central, axi s tive cen
SaCT of encrtlhPRoLRALS q8Siad 2o BoReM SR Pl OFelkEHREL LiS ST i her
charged electrode and supply a potential difference between the charged
15 electrode and the counter electrode.

21.  An electrostatic spinning apparatus according to claim 20, further

including at least two spinnerets according to any one of claims 1 to 19, each of

the spinnerets including a central axis, the respective central axis of each
20  spinneret being radially spaced apart relative to one another.

22.  An electrostatic spinning apparatus according to claim 20 or 21, wherein
the counter electrode is orientated substantially parallel to the central axis of the
spinneret.

25
23.  An electrostatic spinning apparatus according to claim 20, 21 or 22,
wherein the counter electrode substantially extends along the length of the

spinneret.

30 24. An electrostatic spinning apparatus according to any one of claims 20 to
23, wherein the counter electrode includes a rotating tubular body on which the
nano-fibre product can be collected.



22. An electrostatic spinning apparatus according to claim20 or 2 1,
wherein the counter electrode is orientated substantially parallel to the
central awD00f048002 spi nneret. 23. An el ectrostatic spi ROITRAG20qEAL3B US
according to claim20, 2 1 or 22, whereh ? the counter el ectrode
substantially extends al ong the Iength of the spinneret. 24. An

el ectrost at3bc spimelestiosipfiarsatrusngappaditug according mnanybne lchickma®a o 23,

wherein th nt trod t at bul bod which th
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according to any one of clainms 20 to 24, wherein the reservoir is forned
W thin the spinneret. 26. An electrostatic spinning apparatus according to
cl ai m 25, \%er eiAn ele@trgptaﬁlﬁe&mmnlngcann%atuanmﬂoadlngd@p@latnha% avherein the
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per pendi cul"ar| ax’'s o Spi nner e atic

Spi nni ng arspmmtels’s@e&nmdion@c&WaiMal m 27, vvherel n the counter eI ect rode is
| ocat eﬁi underneath the spinneret and circunscri bes an area equal to at
| east tHe width of the spinneret at that |ocation, the spinneret being
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to a counter electr ocat e spi nnere 29. An électrostatic
spi nni ng appanteredectoade & sigbstantiliyi oneated Q@pewd@utarlry tohidseceanita raxis

el ectrode co rises a.plate |ocated underneath the spinneret. 30. An

el ect rost at9 gP ﬁP'HH?% apparatus according to any one of clains 20 to

15 28. An electrostatic spinning apparatus according to claim 27, wherein the
counter electrode is located underneath the spinneret and circumscribes an
area equal to at least the width of the spinneret at that location, the spinneret
being configured to allow the viscous fluid to flow downwardly from the reservoir
to a counter electrode located below the spinneret.

20
29.  An electrostatic spinning apparatus according to claim 27 or 28, wherein
the counter electrode comprises a plate located underneath the spinneret.

30.  An electrostatic spinning apparatus according to any one of claims 20 to

25 29, wherein the power supply creates a potential difference between the
charged electrode and the counter electrode of greater than 30kV, and
preferably greater than 40kV.

31.  An electrostatic spinning apparatus according to any one of claims 20 to
30 30, wherein the charged electrode is spaced apart from the counter electrode
by between 100 to 600 mm.

32.  An electrostatic spinning apparatus according to any one of claims 20 to
31, wherein the viscous liquid is a polymer solution.



29, wherein the power supply creates a potential difference between the
charged el ectrode and the counter el ectrode of greater than 3CkV, and

pr ef er ablwogomwausaeo2t han 4CkV. 3 1 . An el ectrostatic spiPOmAIQO@MOE7at us
according to any one of clainms 20 to 30gowherein the charged el ectrode is
spaced apart fromthe counter el ectrode %y between 100 to 600 mMm 32. An
el ectrostatic spinning apparatus according to any one of clains 20 to 3 1 ,

wh inth [ | jquidis.a.pol | ution. 33. An el ect t af
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i mersed, the spinneret being configured to rotate about the center axis in
order to céainn@rglostimorersed.ithe spirnssekbeingwodfigured toupiaie @botit theecarpenner et

ol cctr ot acns ERTHES I EGaRE Patith BB inthys BHlcioh Lot ineidarst o5
further inenddnoge thdtlcebtbdaufa® aittfroranheigligtrebosatred proxi mate the
spinneret, the fluid source having a fluid flow generally directed to flow

fromthe spinneret to the counter electrode. 35. A nanofibre and/or non

woven \NaNCTUDT @ AFRLIBR84URE Yol ABnARRAS BbuSRFRY 4y '8nk B BmaR & e
33, further including a fluid source with an outlet located proximate the
10  spinneret, the fluid source having a fluid flow generally directed to flow from the

spinneret to the counter electrode.

35. A nanofibre and/or non woven nanofibre mat produced from an

apparatus according to any one of the preceding claims.



