1 ELECTROSTATI C SPI NNI NG ASSEMBLY Fi el d of the Invention 5The present
invention generally relates to an electrostatic spinning assenbly for
t he production of nanofibres fromviscous |iquids such as pol yner
sol utions, solgel, particulate suspension or nelt and a net hod of

using this assenbly to produce nanofi bres. 10 Background of the

I nvention The foll ow ng diECEGFROSTATIC IBPINNMNGABSENMBLYt he i nventi on
is intended to facilitate an understandi ng of the invention. However,
it should be appreciated that the discussion is not an

acknow edgenepiel®bf HEThESAIeNL t hat any of the 15material referred to
was published, known or part of the common general know edge as at
the priority date of the application. Conventional electrostatic

Spi nni ng syst ?ﬁ@ﬁlge‘réﬂéﬂ dﬁ@erﬁ%nﬁeﬁ%lellg"?’elt@;%t h%nsé?é&fb%faeffc spﬁwﬁ’(%yssfe%bly for

feeding the poly ution throu € spi nneret
el ectrode col ﬂﬂemtr@iuqbbapénam:ﬁbaemirgh \A'vaﬂouagewpemch asjpplymeceolném;eeol-

fod to the spotneraciiainusER OGHdY a2 el sfas i otk do

el ectrostati cprbdumanémifm t he spi nneret 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 between

the jet, tthe BatiRjroahdefens inveritiopl d and charge repul sion inside the
jet causes the jet to bend and spin and therefore stretch thinner.
Sol vent evaporation causes the jet to solidify and be randomy

deposi ted on e f@aevdnegr(td%ueéeﬁ €oft @ref sééﬂg?omntd@rveemma%n@ OliftefBbd to
30However, this prod ion systemprovides limted uctrvity

as each facm ate an understandlng of the invention. However lt should be appremated

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



spi nneret only generates a single polynmer jet producing up to 300
mlligramof fibre per hour per needle. The small needl e dianeter
also results in a highly concentrated electric field near the

spi nneret surface which is susceptible to,corona di scharge under a

hi gh applied voltage. The voltage is therefore 2 generally
restricted togbedrally 3&tNcted he Hetow GoRYVat Thg Iow|dpagringl edtabeadlso teads to
coarse nanofibres. The.rate of production of nanofibres can be

i ncreased by SPASENBEPIRTRal Iy 5 generating nanofibres froma broad
liquid surface. For exanple, International patent publication
W2005024101 dij scl oses an el ectrospi nni ng devi ce including a spinning
cylindrical ellBetiRI&f (RFpdudisonnaknaneibresfan; §ep‘§f3‘teia§13¢ VoY elastresiatically

a reservois ofehgh ﬁ%ﬁaﬁ&ldﬂéé @Bm @b??é’cg ﬁ%%hﬁ%ﬁe po e§arlnBFeatlﬁgrr%t|onal

di stance away fromthe cylindrica yner "solution IS
carried as 10pratenhi puliliceiert r BH@2005024 4@t vaiscloses t e siactraseinoingt evice

T ectrode " NanSEBELE sPlfild, HHPER Eikdat 18 NG EPE AR T sty
when t he el ecimrostsatliic & lresbd/mrrqu:rmymgr mm\menAtdmnmr@éa*tmdieasH@cated a
suf ficient to fﬁawthe oIU|on| one

03 Tehyl ar é [Pg.sul.tant.
nanof i bres ar &°1PRGASWAY TEER IS F\Q@ ﬁat REUOGEnd ?DBEVHWISB op s £JFiRH @S
non- 15 woyenan@indir biroen ﬂﬁres@h@nrfcﬁf tmatdupfacelof el oylinngr ihesthet a8dtric field

arrangenent s PEURPORTS SRPTHBrEd BISHRE SPeEwds.c NP BenEndreged a
around the speasn gbindddntihe saHaed Wh@nfthéle%dtr%%ﬂcs iy lﬂféﬁfsw %eh&bé:nhﬁe
20 el ectrospi nni ng zone. For exanp the |l ength of cylindrical

e |y
shaped el ect r 8186%€0qas lsu%ﬁ?fé%”tttﬁedra%{athﬁlwt'@ﬁd%@r@tTad@lr oppPt aee resultant
required to praclibred FS rﬁﬁo‘?@i deMBsdY | Fleth§ JURES Qgctﬁ'&?eh‘fd'lférﬁ‘p%r non-

At sone voltages, jets are only produced at t e ends o e cyli1nder.
The t hi ckHesswayen hanafloromabr es produced over the |ength of the
cylinder can also vary due to variations in the electric field
25intensity along that length. It would therefore be desirable to
provi de an al Tee rfenmﬁt'@pi @fnjetaaanddeSlatarﬂlﬂeo&t nusplaclogy spitmesentypde\dfderge

L?;agggﬁ?g;ieggcag% e?rﬂr% P\Eﬁ‘] %&gﬁﬁ; Iyl tgsg l?&ﬁy lnﬂun&rc%dot];y ttrbee e?ebc(t)cheﬁeld
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 Iength.

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



3 electric field. The spinneret includes a plurality of narrow
annul ar loops radially centred about and axially spaced along a
central axis. The annul ar | oops are substantially integrally
connected to forma coil. 5The spinneret according to this first
aspect of the present invention is forned”fromone or nore narrow

annul ar bodi eéIeicfnctﬂwd fesmhnasnincrtes @gpgralityoft iigronoaheXar 186pé Fedially
present specifi C%A 2 lé{narrow nnul a i refer to

r I?Odl es%general I )ﬁ'
annul ar bodi e§eH angh PeRllyr SRACEE 1R/ 219NERNhES) The alnyiREdeepspgre
| ess than 1: 3sut5§t§|ﬁt%ﬂl9mt¥ rafp SortedlioFomnd dmre preferably |ess than
1:10. This narrow d% I's thought to produce a higher electric
field around the splnneret surface and have an electric field
intensity gpro ;OB e t
on the shabe. of° CRe 0B B Bl B aoh a8 orb e Fr ISR 36 R
as a cyl i nder fromhend or metré avarrofv pmwaramﬂlesesutheaimrmf@ftﬂrmutanrlmpsl olyythe

fromthese ty in S shaul ave advant s over t

exi sting cyli E(g%r Qtl%fsﬁgeg%ﬁgﬁ C{Qf%aquﬂ n%lr%vmagpu%gﬁydl(’egn%eﬂeg ly refer to
annul ar | oopsanaulaabbyies éatingda adtaubf aiuih i ahdmesp)at@ediamlemgafaess than
central axis. hes annu

| | tantiall
integral ly conmedf arqblly {eﬁé t'%ﬁ%o Cf@%f‘?gﬁe ?Ef%llyotéﬁgéﬁ%?)hﬁ() YThis narrow

preferablyya @altheathotghl to @r@dw\@@mlgm éI@itﬂ@‘ﬁéI@tarbﬁn@tﬁé)s;hnnérbﬂﬂuﬁbce
jets that form nanoflbres can be created at certain areas on

curved surfac@8d 5aVe AR RGNS fieke FeenRity; prﬁ@f”@%ﬁter%%r%mww t{”ﬁ'ﬂe's less
el ectrostati cgfp&idint '%etﬂé'sthlépét fttﬁétspWeIétcé‘s bémﬁé'nfeﬁ' I%' \Widkr Wtﬂrlﬁ)‘ﬂles

the solution into a Taylor cone. As indicated above, the wire |oops
of the coil QECItéﬁrﬁrﬂélédWar Toovfrmeaticarof beigians sl fibre marehalegy: from
fieldwhichl g{g e I se | QF
optim se the g?p Pg}){glﬁ%leﬁ% g%‘gsh%{]ert at e ée%'cgt‘ﬂfél}c i%lﬁﬁg%nder

coil used!$ ortMPI@eSpgmemteret can have various configurations including
30 tubul ar, conical, spherical, cubic, prismc or the |like. Coils of
t hese configurations can include a single annular |oop for nanofibre
producti on. Hohevamulartbady mre;bmer ednmIIaalIoprIseradmllI/ demired dsout \sd  axdallly

f bl I I d th
i of the coneechaPEl i Bontsd sa,  Shue HPaF Boesi 75 derprul e ataly

for the produgitégaliptormeptadriakihé yxiaf difdctith @ jorinsa call, prsTPabE hdical coil.
singl e Iog(?. Two or nore of the annular |oops of the coil may be
t,

spaced ap preferably by a distance greater than the di aneter of
the wire. AddiVri@Bahd ¥piRferl <85 Nedill NEIiY jets Wt F6rmiTRERMREIIEA bb eRRSePh!

the coil may be closely spaced to ether. Each of the annul ar | oops
may have a Si Rertaip apag on the curve 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 the coill
25 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 coil used for the spinneret can have various configurations including
30 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



5 dianeter and/or | oop dianeter, or these dinensions may vary between
| oops. For exanple, in sonme enbodi nents the average radi us of the
annul ar |l oops is between 5 and 1000 mMm In sone enbodi nents, the

|l ength of the coil is greater than 20mMm ?referably bet ween 20 and
6000 mMm In sone enbodi nents, the dianeter of the wire of the coil is
bet ween 0. Snmcamgadedi @QOemglepmm.ewaloy niere wé e dnndlarncbistofrihe cbrnmzlyebe
enbodi nent, the_anpul ar

oops, f rma ubstant ubul ar sha
o | about 't nGCEGH PRATCHBEIENY tHeP LTeiNar GEe d¥n S BROREnEnT® 1ire
has been fOU”de’dhr@haﬂW@r Eaﬁ@rrra@rgelsm%N@forambtlﬂblalnanlash@cm%dof:@rhé cdMmay be
reach a critic electric field 15 intensity in an applied electric
field before P@@?Wn%oe&ﬁ ditpgethel | EagRPTith@mNhHIBr dpPs. May hgve auRiniGr wire

electric fiel @ra%aéterbsn@@mo%\beaaﬁq@ré?ser t8e! BEhHiomd nréyevéry%h@%erpraobs

by configuri n% the annul ar oops at and/or proximte th
t ubul ar shapedOtgxample; %p@mm@dlme@sdee eneiege Hadigs @ (e anmogysioops is

proximate the Mg | af e r p
coil can therggﬁr%e%havéen&aqggéﬁ@f an | a gr[ng)gﬁerlrrneeéﬂ%?[geqp%tﬂ Ofsﬂé 8(91 s
regi ons of thgreadén than sbremenbredrabiyt @etvﬂ'dmr 0 sanor $06Pabirg. a i d;eme

axi al spaci ng_het a I of, a buI ar - shape
coil al ong thgﬁ]%gwé}itg S&{é %%!Pﬁé%p 83@? |fgﬁ8 ?Oélf Br é‘%?"ﬂ? 91% nEeasnd
t he inter&6ti @00marg préfebhiastwesn Olikaed 601n1rmc fi eI d around an

adj acent 25 | oop. The spacing ("d") between each | oop can be adjusted

separately, and the length of the coil, wire size, |oop dianeter and
configuration erf)n@ e@ﬂbﬁ@ﬁrﬁéntehﬁﬁérﬁmﬂ@r roabé HEACE sbbetaﬁh@ryttob@raf 'sﬁér‘ibd coil
around the wre. referred enbodi ment the spaci ng

adj acent annuIaQ?UtI TS@&?” ral @fis 0k i sAinpeRet a i this @'F“@PQ‘BT%W UEF@\%@ﬁe'B forRd

and 800 mm 3@181’[ﬁh@te'ﬂérre?%hg%@f‘dbﬁlarts*ﬁ@ﬁé@'&Bh AN r@QcBﬁanrrtrEQeelB@crer@ld
wire coil forma substanti al IC}/ coni cal coil about the central
=

axi s. Theleonitansiyhapad apelied plecpicefield enﬂfcgrec@@fqngmfetaev@orlhavaascﬁﬁm the
angl e of bet waggs 9Q\ %r%ﬁﬂrfo%%lé%@fr&&eéa?lr@é)%rghr@%d"@%%c%}ﬁ)e ?é?\gilr?’gf the

In this enbodinent, each annul ar | oop can space ose
adj acent annultldlwar(m’d byetcatfigueng thet anutamioeps abmndon prokiorate éhe; gad lof the

aperture betwean ﬁas% J AP t
adj acent | oops |usl pre ggacg)ﬁ% eg‘tgelgF {Ao engaﬁgﬁgzaﬁ gllr?g%fo%(rgcae'\g?g?te the
vi scous | i qui detnter sﬁtbettabmlaasma}pqdrmrlenThet tuatlal sipapadl ¢dilossinntyetedoradeve a

the | 00p325\’hegu@&aﬁéia‘?l(f/tt{abé:red 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



5 field. between the spinneret and a counter electrode is |ess than a
critical intensity. Liquid will generally be drawn between the | oops
when the electric field reaches the critical intensity due to the
formation of liquid jets. The helical wi e coil can forma |liquid

CTose. spaci ngPo5! TRESEES A HETH U baF rAEA 8 1pe BRELPUTS s
confst r UCZI egofmmhgmrturedm\ueém \sachnatljant condizctivoe Miekpatisg Hetvesre -
prererre

oops of .the spinneret are fornmed_of copper, . .
Steel , al um ROIAGREOIPS S PETOARY SR RIBRAEIS SUMAse [9raps B dsedusdiauid
such as (but th@lbstaRtidligthre@dntARAY M HHWING tithagh eNe IcHp¥Neih an electric
15Pol ycar bonat es, Pol yam des, Pol ybutyl ene terephthal ate,

0
Pol yet hyl @ne figls Bphasm Hiee SPPBeiph sl Bepruingsi alectrogs ys desshéias a critical
Pol yet her ket R0l enat by L4 i .
be ﬁsed. No %@g?%&%ggﬂt@ge&%{e@ f%? Idgﬁavﬂ! géﬂ%ﬁ%? ﬂgécm I emg%l ai l

i s preferabl yiekuesches thal ¢rijicalrietensityodd tr thexfarmphtonviflliquidoetsbeThe helical
di | ved by), .t he . |.ect rospi.nni.ng. .20 _In
ot her 1 orms. iiseraE 8al Talm Fhhctie 3PrefRRl S e iSRS Y vbahiver
di scs or ri ngsopsadired this desd speatirghbout and axially spaced along a ,

central is. Here, the spinneret includes a m xture of discs and
rings radially centred about and axially spaced along a central axis.

:Jpr i _ng el ect rrﬁsmc:cnnbdsxgs usﬂw]?gsgtdnieset atd g@é‘fb%iy?&gistr?f:teﬁ f’i?)n_s Boi€srifuctive
iquid jets that form panofibres can be created at certain_areas on
the curved séf‘aaﬂ%’é"%‘p”?‘i‘]\@ aescials aﬁi“iOrﬂ‘j“‘sprﬁﬁ%‘é"ﬁdtfisl(é’” dreloops of g epippIpl -

intensity at atdagrmfdr dfaePpbs st fAIGhRMIim hetsisarol fie RlddidaBivahateRial
Tayl or cone. .Again, the discs and/or rings form narrow annul ar bodies
wi thin the ePESHES cSHERI @swhbh Nok §evied efodhardaniyrile afutasiener astyene,
to mnimse idmi S i43Qef fr j QLp i+SCS 'in&%
on t hat e§e0%£g?@g§@ GQI%%%%{(%% di@%beﬂeﬁnﬁ‘e%}) ﬂ?‘laﬁég% ;H glgyre(rgﬁ[l) of
annul ar | oopéereahtisiatset Rolyphenslenel aixisiey t Relyanlipbora f dratyetherketone,
spi nneret. | i FRrRicRe 0 '

| ength, w reribéjiq %ﬁ@?r%?%%\eé‘gﬁop rag:}el%s&%\%ﬁﬁ%gﬁ&%eé%d?%g%%g ’?é;h{ald@t%l: %at
simlar way &ge dlematdriat sl used; éhecodil materishis ppfenaldy substantidllydhertiéo oy

desired nunb £ di L fd o ne odi ment . the i,nner et
i ncl udes a si%%‘a 8 'eg‘.“@gf%éger“ﬁéﬁé%gé’.ygﬁ%f Oc@ﬁ% rrSeoéf"qeﬁ’'b‘o‘{f‘f9 dg%raég‘gfoﬁ’lp%’fr@'
about th20central axis. In other enbodi nents, the spinneret includes
two or nore disgs radially .centred,about. and, rotatabl e about the 10
cont ral " axi s 20T (IS oBsiE o EVane POl Bt TR B SR s
axis. V‘g?r e malrmig_plred@nma?]@éd ég@gSa@r Qxiﬂ%?@bahdeﬁ anlarlyg beqewaﬁakiaga%té,
to use discs or rjings.at the end regions of the collection having a
smal I er radi 4% fﬂm%f%nﬁv%%%a6?@(%55d&ﬁ%ﬁnﬁdﬂ@strﬁé'aﬁéﬁ&@ﬁre%fab%feand
col I ection Ofaxdilly‘fC%BQéed | f18hg Ahicent@y aRfsQVDdﬁr‘n%?l SRERoIPMHIRS Mising  this
electric_field can be achieved across the length of the collection of
15di scs 8P rieﬁn&odlment of the spinneret, liquid jets that form nanofibres can be created at
i 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.



There is preferably a wi de axial spacing between each adjacent disc-
and/or ring along the central axis of the spinneret. This
configuration preferably mnimses the interaction each disc or ring
has on the electric field around an adjacent disc 20 or ring. The
spacing ("d") between each loop is depené%nt on the di nmensi ons of

each disc or Fomge (ﬂ@tt’réiegaﬂr&ﬂér%hc?éf a2greQp R einelae tdopadeint ket B parallel
associated with the spi nneret and ot her Par aneters. However, in

preferred enb®@NGEMR KR dYaLA REIErShe EntiiFarse e aPRRA %@tvv&%@@cgﬂoop,
rings is at |@@asépidndrel |ABth, RS BlAwr BRY WaSD r&uitaNaAREn390 aBste®din a

According to a second aspect of the present invention, there is

provi ded an e$iBdler way asithe &@ICﬁhWhﬁ@C@prar atus for producing nanofibres
froma visgcous liquid in an electric field conprising: a
charged el ectrode including at | east one spinneret according to the
first 30 aspethe shbirteestpeas émfudenaenpt dexredangobert ef didoscor oidgs.spbicede

apart fromth tr ’ a. liquid reservoir for

nor di ng o vi seBgeariehli b PRS- Sl ef of FRG o e bn ek
Wi t hI at : east@m[ecl)tsw‘de‘l@booﬁ éﬁ&@eﬁﬂﬂéIHM?ﬂt l:nhaﬂh@r de?ntlbodimentgatmm\&ﬁrnﬁeret
su el ectrica connect ed het wee e cha el ectrode and the
coggtgr el ect'JPB'HQ? W8 Bbmesﬁﬁ‘iﬁ yacﬂal A GPRIr %Ep%laf‘gc@ qt?/b%h%-?%ﬂt rge
the chargeyl etstta ke, Sath EsPBéiMg axRAY ephded ashrt él@ﬁ%ﬂ@céﬁﬂa\"@ﬂ@. hesre

charged el ectrode and the counter electrode. 5 In this second aspect
of the presenfU|tRFEHEGOR, INGSRoL USRSt Blay berastyapiagends inguserdseprdinas

by coating a grrdCRgRhsidiehe BhiRBESShaSH }éﬂ'%ﬁa@%d‘.h@%%éb%&% rRgd
usi ng the power _suppfJ to create a poten(tgl al difference between the
vi scous | i qui Broxiwete Héece@mﬂre}f tae cptleciipn Of aisce(0edingdspliivintRy 2@vide. a

Liquid jets V%b?é‘uﬂi%rﬁnoélé‘&tﬂé‘ﬂ%ic%m% gcfhge\ié"ci%trc?s% tﬁ&.l&%{trﬁ]g% PeUoR8SioRA bs

the surface when the electrostatic intensity in

el ect r ospidni digcgondngss sufficient to draw the solution into a Tayl or
cone. The potential difference required to produce an electric field
at or above the

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



15 critical electric field intensity is dependent on a nunber of
factors including spinneret and counter el ectrode size and
configuration, the distance between the spinneret and counter

el ectrode (the collecting distance), and j§he physical properties of
the viscous liquid. Cenerally, for helical wire coils, the power

supply is used to grRake supplt eBtiriahll bbfRIcRRE echricnesie éﬁb\e/gé@@eg@f@de

el ectrode 20 and the counter el ectrode of greater than 30k

preferably grdi Bi® eHaEr AR OdﬁnH‘erﬁﬂ”\éerpﬁuéP'é‘rCéBﬁVeg?f@éQCéﬁcaﬁﬁﬁha"GGIQ\ihe

For a tubul arcrﬁé}géd Sélé&ﬂﬁfeetandtélﬁopﬂp@ oBtenyal H%?edb%egefvs%eﬂr HeC ARG
bet ween 40 to 80KV. For a conical coil spinneret, the applied voltage
used is pref e¢lapirgde aagthereaunaielectiodehas been found that corona
di scharge can in sone cases occur for voltages above 70kV for this
coil 25 configuration. For a disc or ring type spinneret, the
appl i ed vol talgefthuiﬁse@bdnsl epﬂpettaohtbieyprgseatiaverttbannaxﬁbﬂb\;bs Atepoolitet Lsing
di st ance, acing_between.the ch | ectrode cqunt.er -
el ectrode can § cegatfjﬁebye‘foeaéwglacsv%eﬁ%dop&&ﬁ?&@? ?tﬁ ‘@'Hb&ﬁe}é'ﬁ?o%shléqu’d’
di mensi ons ofar@dusihe tmp@herbglmlyptmﬁe@tecé totehtiee difepaicat bBwe@nthet iscous
voltage required, to al electric field intensi Efy _
which

Agai ne "t he s JECIh GN8N S SBeREE AECBRIS (RarSs cBPINIRg Be)i nEieu

spi nner et1oanckoﬁaurr}.taﬁ@ﬂtﬁb@%rre%eea%czeata@ért@ﬁnér@ér ahi e é@%@@twaén the
di fference and the con505|t|on of the viscous liquid. In sone

embodi ment s, @fereHal @fdéP‘@B?‘ﬂblﬂ‘e’fr‘l@s@'gﬁ%@H‘”ﬁiﬂa?@nq ﬁoﬁh‘ﬁ'%@ntctéuﬁfﬁé’rthe

el ectrode by g@uw,ﬂtolgqaylgr 9% mMm The viscous liquids can be any
liquid that can be electrospun in an electric field 5 as nanofibres.

Sui tabl e viscous |iquids include polyner solutions, sol-gel,

particul ate W?@%rﬁ@ awé}{cen@qhﬁ‘?q k& gﬁ"od?fc%fﬁ{ %Fé?:trﬁﬁoﬁé;g tattgcﬁeé{tgo%/%ofﬁg

liquid is a polynmner so ution typica ‘
pol ymer dred agriticahstectinefigld] iatdnsiy ssnldaeanderl?atry manumherh oh$actgmat iheltiding

pol ymers, nat [ C pl. e

pol ymer s and/%q%eergg ?4%0%8%3%\%\%3%@% %%gghg %ﬁ%@gg ch{/%gric@ugetween
liquid for elteets:mrsnmremmcgcotrmter sleciretd (theeawliectingr ditanad), wndehephysieal
by the sol ubi I |t &o I n so&re rrbod 1% ﬁage sol vent  coul d
i ncl ude wat erP éﬁ &30 hY'8?9H“ ohGH! N h{’!f SHERINY TR Bl S, RGt pRvyer
;/ol a}i le |i QLéqulpl%' |T!§f3u§e§d We bicates aqaoa@ﬁl _ raabmé_réiwa b@w@{aﬁghé oR @glem@ctrode

acilitatjng solidification of iquid into a salid nanofibre
The char G-l B4 1% BRTIPT BReTei%E! petal en SBRHnPirieaBlyes geigs tt <O
i ncl ude two OfindBicfe @péf@@@r;e@@ateﬂwaraé@w 'F@ﬁ%' tuBaPBST @élﬁn&ép‘(héigpphed
further fibre formatlon surfaces within t {31 par atus. Each of

e

spi nner et s maYPI 14961 Uge i PEFIRTADH DeivESD 4@1"9 |§§O{< Foreg ﬁ@@?@l\ﬁ@”éﬁﬁmﬁaﬁt the

axi s of each sphRel&tagRel st &ea?é@ab& [3di @hh Y70Kl0 %tpﬁ§§g>eéﬁ%and that
relative to one another. The spacin et ween adj acent

preferably atcqreagtdigohargeaeniis S@Wi’aﬁﬁﬁﬂsmcbb@y voltagsiseatityey OkM ferfais coil
range f rozﬁnt h@oﬁf FRnt OFd0 atﬂilgg%r t Sfyg écbs n(%&ett & %BBI&HC@COI%%gyuseFdO ls

exanpl e, ere € spl nhneret npris
rings 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



25 may be used with central axis radially spaced apart over the

liquid reservoir. In sone fornms, a plurality of discs or rings may
al so be axially spaced apart along each central axis, providing an
el ectrostatic spinning apparatus having a plurality of axially and
radi al |y spaced apart discs or rings. Thé di scs/rings can be spaced

apart al ong t&ebe@iriched, tixtifargsdl cRaEBIE BNpaabd anhe flokn SRa%RAterRAIcrode
30 either in parallel or at various angles relative to each other. In

sone forns, aby BeW®eNdi08de6aPAMY: a first central axis may be
staggered with respect to adjacent disc on an adjacent central axis.
9 Where the spinneret conprises a tubular shaped coil, two or nore
coils may be iRkedsopushlictéds ¢an baariny liguiditkatioandypaelediregpantin aneteditiefield
liquid reservolr 00RS,: t cql | rient o fi

w thin the reapdartiesor gt a5 ey RSy i RhiTe PORBI Sdthe.
nunber of thepartcllasmuspensitrs ang/ed matist he agirafeged fornel the tvisades auid is a

vary from2 to 200. The distance between e adjacent coils i

preferably f r B PRk sglgﬁpn rt\é%f"%] tYNRIIRY r?ége i ‘%r}'?e pelmer rang ﬁé !eaETaEHe
of the coils wfati@esonNsat.gPdlyRlee Eucades egntheec asohanged nburalop@l@erdN and
the same direction or in differing directions relative to each ot her.

f €
10The vi SCOUSbIPm&GP(H]"(H%Wl% they: S5R ROWENRE e rS?CtM‘?QOW'T‘@rSCQﬂUI‘ds be
using a mibegscrf a8lid LREEIM lighiHaRe UEMoSpinhMgS AR ssTbadi fRat 3. pleh®ably

spinneret is novable, allow ng portions of the spinneret to contact
the |iquid redeieiraned d1vdtheo sellblitt opeptyimsi. imsemenembprdistants heesavent

bet ween the coypy %cl@df%ﬁ&?%tm%@&@fcﬁnﬁlr@%—bﬁ’ﬁ&g&lﬂﬁmamide or another

el ectrospi nning. In other enbo e’liqurd 15 Treservoir 1S |
| i qui d conmmunyataiile diguid. t hTeheolyent & efapdretesipinrieg elgctronpibhinggfactitating

vi scous | i qui &Aiéﬁigﬁﬁ%rﬁ%%w%iﬁ% a{ﬁ)zﬂ ntaﬂoﬁﬂ%/. or between the | oops of

the coil. In o spi nneret preferably has a
tubular hEical coil, disc or ring configuration, the reservoir

oSS o Y P B PR e SRR e

T O S cresaros T souiie gt et o ol
t ,

R L R R

that coated stHT3EE WH" fISAPPHAYS: o&PE C&LG FBINNE[SE haphEclude a central

el ect r ospi nni ags,z@itte theT R pectivat entrel agik P &ach Sppinefa iy gafdraint aldemly
substantially pargllel to the central axis of the 25 spinneret an

] d
pr ef er abl 4’ ex® NGNSV E 4P P ASNRETt NE'a SRRANY betwera adiAcenkbpleatts is

The coated poplekBbi9fattidiest St PRAIEHT 5K CSoRM ordrERIBI #ﬂethé%rhgéﬂgm the
into the electric field in the el ectrospinning zone. "The counter

el ectrode in WE§iu tenddinerethe rpdics of Hisl 3NnuRFINed¥s a rotating tubul ar
30 body on which the nano-fibres produced are continuously coll ected
during the el ectrospi nning process. Additionally or alternatively,

t he appar at usFemexanpleheheienibewrpinrereiosregrégesbdises, 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.



10 I n other enbodi nents where the spinneret preferably has a conical
coil configuration, the reservoir can be formed within a liquid

encl osure bounded by the | oops of the coils of the spinneret.

Adj acent | oops of the coil are preferably spaced apart by a di stance
that enabl es surface forces of the viscous liquid to 5 retain that

li quid betweewhishe tHeon s sreIdcomhbrives atﬁa@uléesﬁém doivivN ot RBrdediRNthaybe

di fference between the counter el ectrode and spinneret is below a

critical val uSedV§urentig! axisgan sty PPgCaskariraRFr iae lijds reseavaioope (Asen
the potenti al oﬂjﬂhfeg@rcgf‘scﬁwa( oF@ﬁtaEé?ir {oCHPRRIH e ‘?és%%%ﬁ\lecccf)ll §;5§l%es of the

reaches the critical intensity due to the formation of
10 The count e@dja¢esttcobds dofis.t H’ he r@rmw ofethe dod qprr@raéetablsged in the charged

substanti |y o r%‘%rﬂ\%h@%mf{ 'tc?%@‘t e tdﬁ;tér?:% tﬁocaéﬁ‘ hés c8ﬁt %ﬂl@ is

sSpi nneret . Pre nter electro rnea

t he spi nner et prefdiably ifrocote ddilqadjids tan0 times dﬁeheat@bnadmxsptﬁachrofme coils of
downwar dl y digection reservaoir nner et

Count er el cot Tt T Bk FBUBHF G L fe U ARG SIS, LR PSTE Wistpger
the formed nagitiéiidy @isectibhs selgtuntbesacklogtdrr ode preferably

circunscri bes an area equal to at |least the width of the spinneret at
that | ocation, and nore preferably nore than four tinmes the w dth of

the spi nney et TheSWidoals 8ig Q@nf:blgLHeatda@lﬁé dPtthd &@rfg@éﬂ&etheab@é:fcbw@smg a
include a plate | ocated under neath the spinneret.

el ect r ost at i cNYPPeMPHEiTeppr AT ARIMIBI di 'ﬁgSQrBeth@bQﬂ“@%ﬁﬁt thw@ﬁmieaeﬁ is
may al so incl MQ@a&efélwvﬂtﬁgBH%svﬁtthe %?lrﬁ’i%ffét% doﬁ?a%?%ﬁje h@‘u& h‘@se ang
refera e spi nnere

el ect rOSpI nni n Zone oxlmate t
source in themQV©dhato§©rtlnn| intp ﬂam@!em‘trrce@elédb@weﬁorthewdunmreelecfmﬂao@nd

used to ad] uséhafrbé’d Ce18&t rtfére%’lec?r‘tﬂg?lngﬁff5 If‘]' gfhper d%@lﬁ?&ﬁ{ nf’sndthteoh u18

provi de a | arger~percentage sol a bres pr odu
from t he Epi nreeewpir iF helnquldxpdrrmmmmnooamtmtaeezoas bf thedsp‘nmmmeigeneblaigl the

directed to f| i nn t r el The
flurd sour ce VPRI Gy BBREb Ry lhol Bafi By flech Bk e i .
The fluid can be in a terrperature different to the anbi ent operating
envi ronnent. | n_sone 30enbaqdi ment of drying air

provi ded bet we'§ FECOFI er[ﬁr\%tt‘er& tﬁeﬁpém%pg%gr Fer@pl}é/&agoﬁéubu(fquh%ﬁagpon
gescrl Et Id on Ocﬁlsctft? rﬁhigi\&bﬁ@ratld'methérl%%@ﬂb%rl ctﬁﬁmse@na Vigluld b@wdbewmch a
escri be reference to th ures of the acconpanyi ng draw ngs,
S oh 12t eShBF TS Spianetst 5 PEroRdemEn SPIRETGL by GreH above

i nvention, Wh@k&iglid 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.



Figure 1 is a schematic view of the set up for a .tubul ar coi

el ectrospi nni ng apparatus according to one preferred enbodi nent of
the present invention. 10Figure 2 provides a nore detailed view of
the tubular coil spinneret used in the apparatus shown in Figure 1.
Figure 3 is an SEM i nage of nanofi bres protuced using the apparatus

shown in Figurig dthat @mbalimestsi et Shans@n®drefl Hremrabhp H?asgtar @oﬁhcéls coil
an SEM i mage of nanofi bres produced using the apparatus shown

Figure 1 at a Cofg@eiPhgharesesriecai bqéormﬁd withj 2diagid,erplosyee botnded by
graphi cal resuhtsodps cﬁ)fﬁ@ﬁblfge&ttﬁé E)Hﬂﬁrét's'A@%creh?lo%BQ%'f ﬁ‘*é-’éoﬂ@e??é‘f@ﬂably

in Figure 1 illustrating the effects of operating paraneters and coil
di nensi ons on spaeed jabpe Dy apistancedhat @m@dﬂmurfacwomamltlye viepouspliquid to

di stance dg b%@f{@g?%&‘& 4 ?\D@ér[]tr% l&\ﬁ% Fﬁ? 'V\%thﬂ'l {:Héertegérvg qhaéﬁgaé]ecgotentxal

appl i ed voltag w're ecting
25Fi gure 6 pr cdrﬁfejesceabemgs-tlseecmwrdaraélew@a afd smhmrb‘arsexélcm ectiticat value.

field intensity_ prof.i Iesf i
Figure 2 at ad‘ %LB%IVY' 89(‘/‘?{? % Weghtg\%'ﬂ%f?s(\é( e@ qutg\'\'ﬁal\;ﬂfé%,ence
and (b) magni f(aa@I tNeb @Wrr@épcmmgwgleetricomd)offeabh@s eied loritic) higHsiey due to the
provi des a plat of % el ectrlc field intensity for the tubular coil
spi nneret al orfamt“ﬁ@né? 8YiFdeSi nning direction.” 12 Figure 9 is a
schemati cqgyi ew of the set up for a conical coil electrospinning

The counter electrode in this embodiment is preferably substantially
perpendicularly orientated to the central axis of the spinneret. Preferably, the
counter electrode is located undemeath the spinneret. The viscous liquid can
thus be electrospun in a downwardly direction from the reservoir in the
15  spinneret to a counter electrode located 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.



apparatus according to one preferred enbodi nent of the present
invention. 5Figure 10 is an illustration of jet formation on the coil
surface of two | oops of the conical coil spinneret shown in Figure 9.
Figure 11 is an SEMimage of typical nanofl bres el ectrospun fromthe
conical wire coil el ectrospinning appara? t'us shown in Figure 9 at a

potential dif BeicDeecHptidh cﬁ(i)hgmawwsconcentratl on of 9 wt % and
collecting distance of 15 cm Figure 12 is an SEM i nmage of typical
nanof i bres el ectrospun using a conventional needl e el ectrospinning

using a pot entrhalpréidnt 8VRAGEN Rill v ¥, dBcFDEY \%%?&‘@Fern%é't&ﬂw@ﬁ% %%'b?/?he

and a collecting d| stance of 15 cm 15 Figure 13 provid
results of expeFamRaydld Aiavingssiwiich Héusiigirapattioslas selerred Grﬂfglml@egts of

Iolnl ;Jﬁter?;t i)?g cﬂb {;érﬂ%\?‘enﬂgnoﬁﬁé%r{ ng paraneters and coil dinmensions

er and productivity, nanely (a) dependence of
vol une rate and average fi bre di aneter on applied voltages; and (b)
di aneter of 2 anofl r traditiQnal npeedle a onical coil. .
el actr ospi nni hOWT thsa RrarBrit R b i sef G5 5ha” Loy Mo Fiedishinaing
a cross-secti appdraitisemgcofditgioceneapretbraddesrhbodimbhedidhe Rieyaat hyention.
profiles for the conical coil spinneret shown in Figure 9 at an
applied voltage of 2560 kV, showing (a) full coil view, and (b)

magni fi ed1@i ewigate 924)r6@l&s al AGRSIRAiIdd\Few f he Elbgltiir%oﬂrfépﬂh@ﬁé‘t 488d # the
plot of the electric field intensity for the conical coil spinneret

al ong the el cBPPYIPISHIONG QiFiBEeiTon. 30

Figure 3 is an SEM image of nanofibres produced using the apparatus shown in
Figure 1 at a collecting distance of 13 cm.

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
dw; (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.



13 Figure 17 is an SEM i nmage of PVA nanofibres el ectrospun using the
apparatus shown in Figure 16 at an applied voltage of 62 kV, PVA
concentration of 9.0 w % and spi nning di stance of 13 cm 5Figure 18
is an SEM inmage of PVA nanofibres el ectrqospun using a conventional
cylinder type spinneret at an applied voI@age of 62 kV, PVA
concentration of 9.0 wt% and spi nning distance of 13 cm Figure 19

provi de graphical results of experinental runs using the apparatus 10
shown in Fi guk@ui% 9afﬁjaa'3089maﬁaé/ﬂe\'§§? eS8t URHQT AgCANied! LofetlefrsRineing

but 100 ti mesapearagls adddRiifd {LeiSpRterRRREAbONG cREERAB bRIsEnaMTeSRIN.
di nrensions on the fibre dianeter and productivity, nanmely (a)

dependency of average fibre dianeters on the applied voltage (PVA= 9

w% (b) the i ol er..

Coneent  att on' EEST St g H afe el bt STREEIN B of o popgof the
and (c) produconigdltopilspimersifshbwedn Gigdes 9di f f erent appli ed vol t ages
(PVA= 9 Wt % and PVA concentrations (Applied voltage = 57 kV).

Figure 20 provides a cross-sectional view of calculated electric
field intensi Figups ofli ise $8M inteye( &) typiehi natesfibessdeleblrospiuacir@nithe ebeics
used in the apparatu hown 20in Fiqure 16. Figure 21 provides. a
sohemati ¢ vi CTBIook SeEsbnGE BPao S Ser A bR BRI SRase of
enbodi mento of 60 ke, Pr/Es&iHcehiuei dfawtod ahl @uNdttidg distaedss seergschemat i ¢
view of a nmulti-coil electrospinning setup accordi ng one enbodi nent

of the present invention. Figure 23 provides a schematic view of an
ai r flow enhapgge ef Ckr @RPISEM NehR! WP §BREr Cﬁ‘aﬂ@%&r‘ég&@ﬁecﬁ&%‘ i 2

of the present invention. 30 Figure 24 is Figure 3 SEM inages o
nanof i bres el 8RIveHEPNAl BsedpcelepipapRning vsiogue PateRtigudiEernce f 22 kV, a

vn\qi}&pﬁt air f boW caRenirBlotbidwih ankl L%ieBinPdlsBhEe bt P¥cpat e of 120
15

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 coil
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.



14 Figure 25 provides a plot of the fibre diameter and distribution
for experinmental runs using the apparatus shown in Figure 23.

Detail ed Description 5 Exanple 1 - Tubul ar Coil Spi nneret

Experinmental set up Referring firstly to lgi gure 1, there is shown an
el ectrospi nni ng apparatus 10 10 accordi né to a first enbodi nent of

t he present i Rigaerd 1 Dis afSEM ehayet ofoRWA mahofiprap picabasunlOsing taeigigsaratus
charged el ectrode 12 _which.includes. a rotatahl e tubuylar helical coi
spi nner et 14,S‘%P"Y'bfna{:%r%qpt?glﬂnaf"p@@%n‘f‘gﬁagélogér %\z HY%,COQCB'&Y 'OTSO’J 4o
cont ai ni ng a Wok e spiling distanéd otnglca. hi gh vol tage power supply

power supply 22 (in this case a ES100P nodel power supply from Gamma
H gh Vol tage 15 Research) connected between the charged el ectrode 12

and countey efFggid pgiR é@SEWhiﬁﬂa%%‘r:(gWA ﬁéﬁ&%@g&eég?{pgﬁmﬁr@?{:ﬁ%ventional

metal lic drum positioned above "a | engt hwi se par .

spi nneret 14. cWindertynespineai at ah@ppliedvolmgesst 68doh RMA corsesphiioneetd.0
14 and the co - I iven by a drive neans such as an
el ectric not0W9§%58§b?§@3ﬂ§§aé§%PFE€EWhe spi nneret 14 and the 20
counter electrode 16 at 40rpm A nore detail ed view of charged

el ectrode 12 s sh in Figure 2. The i]lustrat spinneret 14 is a
t ubul ar shape%@géel ﬁ)g?prg&d? 9?&%%0%%#8%5@ ﬂie?)é?er{m‘?'ﬁgc%’gﬁusﬁge%@p?%?té‘ﬁ
14 includes fshoavrainntibare 1®aps addylinddrespirdired hawireethier eehabiatieteSuando
extendi ng along a central i? X-X. The end wire porti On‘ft of the coil
are connect ed‘“'ﬁ%‘S éoqgﬁf’aﬁ’et%ﬂ%f’f QREEUDY Pafpraeen; fhe @yl dmepgipas o8 the
about the axlfbréd4diatites RindnefRfucié 'Sna?ﬁélytiaqn,@ébéi%wrbflt Beeragh g8

and the counter electrode 16 with a bottom section parti ally i mrersed
in the pol ymefiag6isie oonhe@rplicd vltagst (W VI 9 gitéi(B)dhaceeandsmice s average

spi nneret 14 yuthj { ki ; I r ;
p rehbRnider kA ][’PVJ‘@ c%ﬁéér‘?tra%o]b gtﬁblfé@tlﬂl%‘ycﬁétaﬁéelﬁﬁ ¥ﬂ'§s%pplled

solution onto the surface of the wres o e spinnere

coat ed sebthi ovtageral <\GbhAnd t (fd RivPECtivEYtef Bapdibres ondeeditiesentt aeplied
bath 18 and t{igiGeYb¢A=2 G4y AREPHE 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  in Figure 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.



15 For experinental purposes, an aqueous polyner solution 20
conprising PVA (polyvinyl alcohol, average nol ecul ar wei ght

146, 000- 186, 000, 96% hydr ol ysed) obtained from Al drich-Si gma was used
to formnano-fibres. It should be appreciated that other polyner
solutions could al so be used for nanofi bt 5 formation using the

illustrated apgaieats provides dJQIb}’B’thesﬁHré”d'ié?ﬁ‘et@@ahd\dlshﬁ)uh@aﬁ *Porlefs(pleﬁmental
electrically connected to the power 22 via an i mrersed

u

el ectrode (ndt‘i”%h’ékﬁ)ﬂ)the?ﬁ@ar@Bﬁrﬁr@Wnéﬂg&W%(?é 16 is connected to the
ground el ectrode of the power supply 22 and is used to coll ect

nanofi bres fornmed using the apparatus 10. 10 For conpari son purposes,
a convent i onaPetadediRessriptionospi nni ng setup (not shown) having a
needl e gayge, outer dianmeter of 0.82 nmand inner dianeter of 0.51 mm
was used to el ectrospin nanofibres using the sane PVA pol yner

sol ution as usSampler1 +fabutarl CaipBpimatenst 10. El ectrospi nni ng was
conducted at an 15applied voltage of 22 kV and a collecting distance
of 15 cm The average fibre diameter of the nanofibres produced in
experi ment al Expwmv@ﬁa/@@kgpl ated from SEM phot os of the nanofi bres
with the aid i mage anal ysi s sof%ware ImagePro+4 . 20 Experinent al
results Duri rfgeféfré‘@t ﬁ@g}f)lt%rf gige 1ilsesus PR Gnug! P@W%‘W%éﬂ@%fa% 10

the wire ur fa’rtfé@rd?xﬂ%wg &M ém§c§kﬂnﬁ1’éﬂf et thb%ragerﬁl iRVertigh atTH eFéfctrBQﬁnnmg
spinneret 14. A h voltage was th en’q#) degg bet ween the poly
g

sol ution and aprp@r@tasﬂ@cmw efraiphareed 6 Which igFliugegs éﬁo%tﬂbﬁr%#bu'ar
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f or mat i orl SvasRedeauth) Mnhvcteaﬂwt\mwnfhebmm%ﬁ eléuicedt 13@nbycouhter electrode

e compared t 1 BRSO BhGEeRoR TP BRE e A LR B es BhE BBbeng
el ect r ospi nnilaggtapser @draisel withGhe 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.



Nanofi bre productivity for the spiral coil electrospinning was found
to be as high as 16 g/hr. In conparison, nanofibre productivity of
the needl e el ectrospinning systemwas |less than 0.3 g/hr. 5Figures 2
and 3 shows the norphol ogi es of as-spun ngnofi bres under a scanning
el ectron m croscope (SEM Leica S440) colPected at coll ecti ng

di stances G oForléxmmdell&rsmesA%nSMwustdmg/nﬁ% Qﬂuttdh zcb cbh@n‘sln@rresA
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nanof i bres collected over the 18cm collecting distance G (Figure 3
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i ncreased t he@MalE%vity of 20 nanofibre formation. However,
productivigy decreased when the distance was |arger than 2cm
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di stribution. Wien the applied voltage was 60 kV, the average fibre
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nanofi bre produglysiysdiywarki lgagePa4amd 6b illustrates the electric
field i ntf&si ties of the spiral coil
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.



5 spinneret 14 calcul ated using finite el ement analysis (using
FEMLAB3. 4). The analysis shows that the field lines for the tubular
coil spinneret 14 were concentrated around the wire surface due to
the smal|l radius of curvature of the wire loops of the coil of the
spinneret 14. The electric field is the Mg n driving force to
initiate the pdnofibre protisctigily forghekpiedlroos @ladiioBginnihg vidy Bulic &PBs bis high

10pol ynmer sol uti harged by a stronger electric field generates,
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nanof i bre prodysfehiivhy lesdReareh Beghs of coil dinmensions on the
electric intenSity profile are shown in Figures 7 and 8. As shown in
Figure 7, the electric field intensity decayed 15 rapidly fromthe

coi | surfage Qg B¢ SRIHANG! Gloviét the hBHRORIYYC b Sls&HhOAS Jrbred I ALEE 2
? fle? %g S E(‘or ends

8 shows that the electric intensity at the outer coi
of the spinnerseglning geetsnrermichencope (Fdde leidd Séhaycdlicotedt e efidsting
This di fferengﬁ

' [ i C be addr d [ e coj |

di anet er of at ﬁtéeﬁ(;lbsets n%edggr% %’(rgn%)gf ﬁ’§ e ‘OET%eﬁoﬁg}’Ith?ig r@%g%gnogﬁﬂé!?@hesp\have
| ar ge nunber obnoamwale thicknbsges agd jaed soltsvted @ g‘mﬂfﬂrmt@?on-woven structure.
si mul t aneousl! y. on .t he t part of a tubular spiral_coil spinneret 14.
The nanof i br ed B GedB GATGRINAG RIS Eipir 20 (RS had AuTRET Don PHAFS Rl e e
f: bre di angt _ennt"ekb@nnéch@@gibp{i&dsmt sl ttJrl@yth@g t}?éb@ﬁﬁﬁﬂ@%i]@flﬂébteﬂe@@rghe 18cm
el ectrospi nning system  Productivi an i bre _norphol ogy can be

optim sed by a?g]l%é'ﬁgna'sf%ec@ | (Figis@eShnd TOpe FRETSITCPalafBRenelogy Rk

apparatus 10. Ex3EBled 2-reSRN0E e GRbHeSBRBSRY BlapPatorP8mk BBl Rkd SRt the
Hp shorter collecting distance of 13cm as compared to 18cm.

15 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  a larger 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



18 apparatus 50 includes a charged el ectrode 52 which i.ncludes a
conical wire-coil spinneret 54, a counter electrode 56, and a high

vol tage power supply power supply 62 (in this case a ES100P nodel
power supply from Gamma Hi gh Vol t age Resq ch) connected between the
charged el ectrode 52 and counter 5 el ectrdde 56. The counter
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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



For  conpari son purposes, a conventional needl e el ectrospi nning
apparatus (not shown) having a needl e gauge, outer dianeter of 0.82
nm and i nner dianmeter of 0.51 mmwas used to el ectrospin nanofi bres
usi ng the sanme PVA polyner solution, with applied voltage and

col l ecting distance 22 kV and 15 cm b5respectively. The average fibre
di aneter of tbppasmiod 60 iretidesadeieeged aleekedy b2rminichl includes avaemcal wire-coil

cal cul ated from SEM tos of t bre th the aid of e
anal ysi s soft wef'8® ‘?f’%ég@r Gautey eegr@%}péé, "f‘r‘?éi?m'g@é@ S PRYFT sUpply power
el ect r ospi nni @gpplyhez Wi eni€ @age SPIETTIB0Pt mAeMpswht IsLigbly Wrdrl @amC fitsh
PVA sol uti on. hi gh_ el ectrl c voltage was then applied between the

wire coil spi Nﬁ@?@@ Researd) cotneded debresolle ormrued pipdnde fewanhd counter
supply 62.5ThigRs£aHge8s 15 T%QGCSMEQ%CQ@dXS”B? écﬁtb’ﬁéé%n al the®Vesh plate

between the wire | oops 64, 65 of the coil spi nneret 14 and
cover the out @9Sf§gﬁ¢®©@|0wfthﬁﬁé@éeraﬁéﬁs 64, 65 as shown in Figure
10(b). A nunber of jets 68 were then generated, nmainly on the conical
wire surface of the |oops 64, 65. These jets 68 were generated from

t hose areas onfhehidlusiratedsspifrecet bhatonmaides ud fdooeshtped lwireeco ohadd dom
on the surfac

20 Jet 68.stopped formn nce the sol uti was .
temporarily egﬂg‘& WS FIRS: ﬂzx\?rea‘?'gg‘et%'n% gmt e q ﬁmgngrgﬁ%ﬁds 15 mm in
adj oi ni ng1@r eaewht langufidd aicent eﬂf@ile/ ﬂ%‘ﬁbg@ﬂ UZOF:OHTI?)@ \Atlr*eeofst;hef@mﬂweré'th%s is
all owed the first eni she th polymer solution, an
reforma jet 68" %%@%53%6?“@ %@E%PHW%S%QHW -ace was exhausted of
pol ymer solution. The m ninmum voltage to generate jets 68 was found

to be 45 kV, and 25 the | owest voltage that led to the occurrence of
corona di schar§€ SREYET8! 3S anEPRsd eLXisling Blemarneerandsp sHaes ey bare

appar atus 50 Wbﬁn'i‘%“deﬁﬂé! aqfqﬁfd r‘é%rtvlﬁlrl?}%t M@@B tﬁé%yn@ﬂﬂwﬁeﬁ\é pcﬂﬁ‘ﬁer s?lutlon

typi cal nanofi bre norpholo a nanofi bre spun using the conica

coi | 30 &pi nAPre&n i hpkd. g‘g‘i)wﬂpwm it hguseRR.i thageaeng Ftie@m@ the. loqpme64, 65
nanofibres el g ﬁttﬁéé&%g%ﬁth?@g% }A,@egosavé\aeehm A t@tengblfefs%rreeé faJeQé L&E the

vol t ages all owed rous nor phol ogy or conpari so
pur poses, t hevﬁcbelesﬁ@mhﬁﬁcﬂjyhe)fpomrr&)ﬂdthm #mrammma(jyswetgmth@emjyreer

{ibres. producsd Ne e REh e oSt REL o et S SHi i oL Fe 2R e
show good fi bddfanandeobetiwegn 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.



Figure 13(a) provides an'indication of the dependence of volune rate
and 5 average fibre dianeter on applied voltages for the conical

coil electrospinning apparatus 50 and a conventional needle

el ectrospi nni ng apparatus. The figure sho that variation in applied
voltage led to changes in the fibre fineneéss in both the coil 50 and
needl e appar atfes .cofrparitdrepwipbses; @ donappidral needi® eldctrossiasing @appaaitus (not

applied volta fr 45 kV to, 50 kV reduced the erage fibre 10,
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vol tage resul g 5N nih WHsCuspROBRcirdspgiM fahbiires dsmaeh8saddPVA polymer
distribution. In conparison, for the needl e apparatus, increasi ngs he
cm,

appl i ed vol t agelutieemvgtht grlies woltags: rangs 6allaiag agisieage 23 dive and

di ameter. %he rgé’tféff%%l n of fibre diameter in the applied voltage
range (8-24 kV) was tween 353.485nm and 41348nm 15 Overall, the
average fibre dianeter for the wire coil apparatus 50 el ectrospun

nanof i bres were s . | . r. I
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system can be vest icaletiatechdsed SEM [2dtdhef vibk umanofibtes. wik cibedaidgot image
t he volune rate_data gtiven in Iggg g 13(a), the highest production
rate for prodL‘?@Fl jlsﬁWﬁQ%B??Qﬁé’ using the conical coil

el ect rospiMoni ng apparatus 50 was cal culated to be 0.86 g/hr at 45 kV
and 2. 75g/ hr 70, kV. 1n conparison, the highest rate of producing
dry nanofi br eSXCHME ' 766 e el ect r ospi nni ng appar atus based on t he

vol ume rate Vo |dis ﬁn@g@@ﬁ-’ebﬁflrarcoiﬂb spiéransk wa3Giie8/ it é‘tv_is%ﬂug\f}VA

The average di aneter of nanofibres el ectrospun from PVA solutions o

di fferent con®eHiiPAL i dniaNs elfedith VPKRGS g(Ase NE3( BpPliadngeivashie theamdre coil
appl i ed vol t agginnerdthy 4 ARy LTSS Ectidle! 38 SN .t@@&ﬁéﬁé%@l . PRERaLE&
0 i bution 1 eased

average fibre dianeter and 30 dianeter dist _ .
slightly. 1Pn desrpharosdmolynes sgludipe i@ mayathetween he wietloppd pés65 of the coils

el ectrospun by tﬂh@s&ﬁﬁé’r]eﬂEltaﬁgtc][o%mh@rgd?& #U}%%Ea of Iﬂ?es%%éﬁ(? %ﬁgsv\% as shown

condi tions, which produced i nest nanotfibres, 1s a
Fi gure 13(b). in/Figune t Beo)s Armeunkhdk of s 6Atweae itloam gerteeatad yobinkyr @s thieraomical

i cal il i | fi i ter. .21
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EE%QE? r 3%8 dA?JFiEg\Ag%?Q-P@@ fgfrgwﬁaor}qq\é%éfsp@ lloln vxslgs' pemporarily exﬁélys%gd 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



5 surface due to the small radius of curvature of the wire of the

| oops. The concentrated field lines of lesser field intensity are

al so forned between the adjacent wires. It should be appreciated that
the electric field is the main driving fzzr e for initiating the
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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
2.75¢g/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/hrat 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.



5 solution 120 in the bath 118.  Slow rotati on of the spinneret 114
within the bath 118 coats a thin |ayer of polyner solution onto the
surface of the wires of the spinneret 114. These coated sections
rotate about the axle 124 to a position qtmeen the bath 118 and the
counter electrode 116. 10 For experi nent pur poses, an aqueous

pol ymer sol ution 120 conprising PVA (average nol ecul ar wei ght
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sof tware {0mgefdsetédisoshéni@ard BREicRbd esieh sFohdkr 8cedl @eht® PROAUTIND finer
vi scous PVA sqglution was | oaded on the surface of the disc spinneret
114 by sl ow r8P&fi on of the spinneret 114. A high vol tage was 30 then
appl i ed between the polyner solution and the collector drumto forma

plurality of polymer jets on the top surface of the spinneret 114.
The formati onCONCgiO8/ fil aments was nainly influenced by the applied

vol tage and t Eﬁao@@gé{iﬁﬁihfgCBf‘W rr?atnioﬂﬁres 8§IP§ g’é (%/J(;ﬁaq“\ﬁﬁ:e %?)iillng‘&ﬁr%reh a5r?

114, no liquid jet was forned when the applrTe age was |ower t
42 kV. Whth t heodapps iadagel nageewes Ijuihdets t siamitamgasistyr pni el conical coil

't Tihe i . . ' . ) ‘
edge. " nor casrairher e EeBl AP SRSk FIRAERE. 1 st vgrires
el ect r ospi nni hgd aSiner evesge flone dampzier Han,thal prodwaesidiyna icogvansiong ricedle
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The critical "or generating jets fromthe cylinder
spi nneret was about 47 kV. Despite the high applied voltage, the jets

Fetrtanaft  BRBmpea T Pl SHBRRISidl & oyl i nder Surface until the

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.



10 applied voltage reached 57 kV. Higher applied voltage led to the
generation of jets fromthe entire cylinder surface. It is thought
that the axial length of the cylinder spinneret had a greater effect
on the electric field as conpared to the rrow wi dth of the disc

spi nneret 114. 15As shown in the SEMima in Figures 17 and 18, the
fibre norphol ogy was al so influenced by the applied voltage. The
dependency of he averaqge f.ibre neters cal cul at.ed from SEM | es .
P orovi dod i ANE: HiFEAEE peipriergs T oneh raUBTLR aiSe et bag.end BUm i

the disc spi narieétel 14Tad @pRthehsiathf (€ @okitiBheY DeShdiC the ®at?Q 1B 4 he
19(a) shows that an increase in the av% plied vol trg%e from47 kV to 62
% Begfien| RA

kV, reduces tReUAREERFEOHRHS Withadhd by ifReeraedifether polymer
di stributign becaRr 1@@r fnqyl@rbath':@@ td)6w Gt a'tlﬁﬁl%'f J@éﬂrﬂ%r@f i 14} RRhAVBE 36
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vol tage betwve m‘n%r%% @dTﬁ%e A détgﬁi I%Btlédstlto P?ﬁmeiegkl% iﬁle%&os% position

di anmet er and strl uti on nce
bet ween t he spetwesrethealveth ¢ 68 Iaedttmfrccajrﬁer elerfttaderﬂd@d the

el ectrospi nni ng process and fibre norphology. It was 30 noticed that
the di stance between the spinneret 114 and collector for the disc

el ect r ospi®ni Fgr@ysém@mbdrdmeeﬁcémsqm@eﬁmﬁér ddlution mcd&pﬂ@mg RVA

ol ymer 11 m Everees capredeomedt 1o WA Gih il qeared rom

resulted in Shmlgﬁfa RheateP@ P inAgoliBFaySeskiuINBakpS@icREdd that other
filed. For the cylinder electrospinning 24 system the range of

el ect r ospi nni ﬁ@'%‘f‘%’t SAREONR SCAYEH ralsReroe ruskgi fﬂj parefibie f@waf@mwsm the
Figure 19(b) ﬁl'&%‘l’?@tetdh%pér@ﬁjspoﬂ@ﬁfolﬁ%?%ﬂoﬁt 'Iﬁ‘lﬁ’"%‘?e BQ’ch' ped te%’&%rlcally

factor 5 affecting the electrospinning process and fibre norpho og¥
Wth the &ppl p@@n%ﬁ@é@éﬂ%@ow KPIvt e ﬁaﬁaﬁmmeé@@léﬁfm@ghshwm he
both systens gm?% gg%e t

PVA sol ution \?ggwﬁggj&%{?ﬁgs‘gg-lggun C?%r es glgg%l%}lragés]%gtn cﬁth@tpgﬁgr QUpply
spi nner et had12Rrand i§ iuisee $0 opltcet nardiibres foowed usina e ewpaaiaisrsrlnbut i on
than those fromthe cylinder spinneret. The 10 nanofi ber el ectrospun
fromdisc spinneret 114 showed a | ower dependence on the PVA

concentr at i onFohabnipaesoapofpobes, al alutnnrmsrpwyhrﬁdams;pmy\bre”ndércns fwingreededem
Z: gg,[ ?ogﬁéﬁ) e that gv%geus%{quumslln\{l éryex%]:arlr%e%%él sefj up as used for the disc

spmneret 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.



i nfluenced by the applied voltage and pol yner concentration. The
production 15rate increased for both el ectrospi nning systens with an
increase in the applied voltage. Figure 20 shows the electric field
profiles around the spinneret surface anq¥£n t he el ectrospi nning zone
(fromthe tip of spinneret to collector) Tor the cylinder 20

sp: nnFr et d( Fi doreh@@lise aﬁrlcherétewﬁ,sml Iéqiich et veds ﬂalzﬁg%@gﬁie%ﬁ%ed a/_oltage
calculated using finite e nal ysi s (usi _di sc
b nneret 114 s oW FaE AEY YRR 1 P s JRgRiWa bGhehinaty fiade

spi nneret. Theplthge,dtHd NS wERURBnEMREEirBSiNEPOANMLEINEB! 8f the disc edge.
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surface coul d dppli¢dheolragenthegdasoverkgustigeatratda frpet tesof eridaareas of theray!igder.
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the top of the disc toward the Iiquid surface. th the increase in
the applied vaptE Jm t?%gngqeeeﬁnpp%r ?‘i“’gq‘%?-i ti AUt hathe S g‘?f‘gﬁm@f the
entire surfaceylindd spHHertdiena GMhtaasRid: bhabe Cdtthe il as! ER8PIEd fid afB
the surface of "a rotati n}? nmetal di sc. During el ectrospinning,

nanof i bres werr@meM WIXO prbagisssrinerstt’Hé. edge area, 5 and the
voltage for initiating the el ectrospinning process was 42 kV (PVA
Owt/0). Wth an increase in the applied voltage, the disc-spun

nanof i br e$5 bedEnghawméy thgi $EMameges dneigugesiétead th, dhe ifibigt merpholagyewas
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Di sc/coil Spinnere
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



Mul tidisc setup 15Referring to Figure 21, there is showm an .

el ectrospi nni ng apparatus that includes a charged nultidisc spinneret
204, a container 202 for polynmer solution 203, and counter el ectrode
206. It should be understood that a high_,oltage power supply power
supply (not shown) woul d be connected begﬁEen t he spinneret 204 and
counter el ect sydem?2@te rafiye cosletesspitreng Htenc20bas matrodes rdfgitgdrom 11
spaced apart netallic druns 210 and belt 211 positioned above and

| engt hwi se pafRIPdP GWth the spinneret 204. As illustrated, the

spi nneret 204 contains a plurality of rotatable fibre generators
conprising netal discs 212. The di stance between each two adj acent

di scs 212 25 Ei9SRy 106D shws thajsthespalgmemeonsrntigtian s apdfmpedant fstor

adj acent shaf éﬁe&ﬁgghggéle%s?dﬂzi Po L a%fi%ﬁ*gs?@)@p?v&iﬁ g-iéngﬁﬁied

of the discs 212 a cma respectively. I men
resul ts 30Dur voltpgel etta7os, nhienganafibses idedrespgv| fram obotll stysieras showed

the solution r | reviQu S

surface of thg\%éel%géggnﬁ?ﬂagteeﬁrgﬁ e@o%‘@ (an(;%v)évﬂ{r@og\ ‘i))fo%@%‘féoﬁ'ﬁ@ﬁg'y%ggé%g{he
A hi gh vol t ages-spsn tfibess apgotrosplrb el vibendist espipokyatetads Ghert fitmes 208 andh
the collector 206 to forma plurality of polyper jets on the.to
surface of thBAHPURs dipfueter f@stﬁ@'%ﬁ?é‘t frg:ﬁeoggrjne]frke/ FYllnzgﬁ{erﬁp?'\ﬁg%t' The
found to te ﬂﬁér}iﬂf&)e'r @fécft@@@ﬁdfrblm @ibesmgﬁg*e@dgﬁfﬂhb@/?@ aalBdet F@p@ﬁt{e&‘lﬁibn
concentration_ of_the pol yner solution . tiple spiral-coils

ol nner et 218t e ARe B Re  Hhe ERGIibe S B CTTRHTAFOTE BYArces Sh RGP Bhs o
the productivity of the el ectrospinning apparatus. A two coil setup

is illustrated in Fi %ure 22. The illustrated spinneret 218 includes
two tubul ar cbigrge 29@) showsdhehtheoRirtleetivin 04 aseiader eleslEeppiningxnd was

222, 223. Thejgeaidcd bAthESipdhdd vakde ARd ﬁo%ng&g%&’chﬁtrét%ceme%%ctmﬁ

a distance of fromthe coil radius to 10 “the coil radius.
The coi | sTzanratetingreassid feepotmelepicognimingl By#ems orithoan insrasetie the applied
direction. 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.



This spinneret 218 operates in an el ectrospinning apparatus in a
simlar manner 15as described for a single coil spinneret 12 in
relation to the el ectrospi nning apparatus 10 shown in Figures 1 and
2. Exanple 5 - Air flow Enhanced Electrog$inning 20 Experi nent al
setup The basic spinneret 230 air flow s€tup is illustrated in Figure
23. This spinneret 230 operates in a spinneret 218 in an
electrospinniag qﬁgaratus ina simlar manner as described for the

di sc spi nnere 94'PH t he el ectrospi nni ng apparatus 110 shown in

Figure 16. Homemeatanofibreshish S@leleraspuPibay theoditaRe 22 r&talif Medf disc.
25 in the el ectrospjnning zone which directs air flowin the

direction fr 'i”?ﬂee?ﬁfrﬂ?’%‘ﬁ'@f‘gQ@@qﬁérqsh‘éer@o@ﬁf"@f Peqasieed dgen [roedamawe,
but |ocated gapetad WyitaRove Rt RBELI8Lrdhnind Prddaks v%%ée 4%26v9(PK/A,

flow is used to enhance el ectrospi nning. .,rAn air q‘lr&ow can ‘

appl i ed from &e)noith earpdncregsantimehe apdicdr valiaget Hee edisespws pianaiittgs
setup, with t I 5 LT i j t fibhre t i hi s
case ring spi%%gﬁe({f@éégwr?% ntg ﬁéwggij{aé%?%rr&%ﬂé{&{s%%g?Er%n%rgélglr}%({“{%ns’
rate of the ananofibes gesegeae frahl theidisd spnnesepectsctnee érantiBoses pradaced ty

i i ] f spi t 230. . 27
O e e BRSPS B B BB S 23R g 2
el ectrospin fspinmeréteis ajpitar &b & Tydiavspinnelfet gtithe sitatiiametdri gure 24(a))

and wi thout (Figure 24(b)) the presence 5o0f an air flow fromthe
tubul ar nozzle 232. Wthout the presence of air flow (Figure 24(a)),

the col | ect edetdiprsa cmnumpty[bggﬂ;(ﬁps,hnﬁbmr becapse_ of the .
i nsufficient solvent evaporation during electrospinning, leading to

an interconnected fibrous structure. 10 However, when the air flow

was applied (fugdrise sédfP)). the collected fibres appear nore
i sol at ed.
15 Referring to Figure 21, there is shown 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.



The air flow also influences fibre dianeter. As shown in Figure 25, .
air flow 15enhanced el ectrospinning results in finer fibres with a
narrower dianmeter distribution. Those skilled in the art wll
appreciate that the invention described ?ﬁrein i s susceptible to
vari ations and nodifications other than ose specifically
20described. It is understood that the invention includes all such

variations an difications.which fall within the spirit d scope.
of the presen?hgﬁvgﬁWPBHbeﬁ%@?@epEﬁw?%h%@dﬁ%bﬁﬁ?@g@@%beaﬁﬁggyg@%aﬁﬁmd
"conprised" ofoltagengdi the POy @oHesdration bhite sagaed ddh@ldnaa( i ncl udi ng
the clains) they are to be interpreted as 25 specifying the presence
of the stated features, integers, steps or conponents, but not

precl udi ngs t hgymimseheecofis one or nore other feature, integer, step,
conponent or group thereof. 28 Clains: 1. A spinneret for producing
nanofi bres frOnsRINRATEc1R CBN Alsal inphidegmere dharosnattululapieihingcreasanthe
el ectric fiel Hrodgeﬁ/itﬁ%ﬂﬁ'gre?écgjogéihHﬂb é)%rrﬂhé‘.r A o o8 ag’tup% IR rated in
annul ar |l oops radialfy centred about “and axl al 'y spaced along a
central axis, Figheg @2n Tie ilastmaledr spinmgst at& iscilddsatd altujari cuile @28l 1221

connected to .2, A _sSpin e ccording to, clal

wherein the a%%{ﬂn@?“ﬁ%&o& %P%p%rﬁE?s?%Wﬁ?5%'?&%&_@0P%?-JB%PPQQ%'OW?&C%Z%B
form a hel® cabrecradlally sBacedl siErnbye b efistasaosidtorg theocsll @idioskod i#nes of the
wherein the Qi r& ll@rl?ﬁes c%ils can rotate either in the same direction or opposite

direction.

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 mi/min and 6L/min, depending on the length and structure of
spinneret 230.



substantially tubular shaped coil radially centred about the central
axis. 15 4. A spinneret according to claim3, wherein the radius of
annul ar | oops_at and/or proximte the end of the tubular shaped coil
are snaller than the annul ar | oops proxi L@te the center of the

t ubul ar shaped coil. 5. A spinneret according to any one of clains
1 to 4, wherein the coil 20conprises a substantially conical shaped
coil radiall yé'_cent red z;bo Z( the central axis. 6. A spinneret
according to AHEHET n t he coni cal shaped coil is configured
with a cone alﬂqjtﬂe@fé‘r deineees Bérphologdof nﬁhﬁfb@éﬁble}ttrbﬁuﬁﬁmﬂjtﬁé) Paratus
25130. 7. A spinneret according to any one of clains 1 to erein
the average r &PWE dfIGURR 2anith &ﬁgqre@ﬁza §”%é‘t’%éﬂ@%ﬁ@%@bﬁ‘%ﬁ*ﬁ%%e

8. A spi nnes et 6K AN HoNGrdrA tHRMUDRRR nBEzIEL8PME 1 to 7, wherein the
|l ength of the coil is greater than 2mm preferably between 20 and

6000 nm 29 9. A spinneret according to any one of clainms 1 to 8,

wherein the dig EFTOR)?E é\rke%%ﬁ%e‘-"gf %rn fj?cg\%%lﬁﬁ]ur(e%ﬁl(aj),sthgeéo‘{}@&@d%bfbs@gu@gﬁdge

200 mm prefera
each other because of the insufficient solvent evaporation during

electrospinning, leading to an interconnected fibrous structure.

10
However, when the air flow was applied (Figure 24(b)), the collected fibres
appear more isolated.

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.



510. A spinneret according to any one of clains 1 to 9, wherein there
is a wide axial spacing between each adjacent annular |oop along the
central ‘axis of the spinneret. 11. A spinneret according to any
one of clainms 1 to 10, wherein the spacing 10 between adj acent )
annul ar loops is at |least 1 nmm prefera28 between 5 nm and 800 mm
12. A spinner ¢ iafcording to any one of clains Ito 9, wherein each
annul ar. l oop i's spaced closely to an adjacent annular |oop relative
to the central axis so 15 as to forma small aperture between each

adj acent annul1ar I(Aop

. SpI ret accordi t |aim12. . .
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I'qui'd can be held. 25 15. An electrostatic spinning

appar atus for 2produci ng nanofibres froma viscous liquid in an
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Gt er ence

15 4. A spinneret according to claim 3, 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.

5. A spinneret according to any one of claims 1 to 4, wherein the coil

20 comprises a substantially conical shaped coil radially centred about the central

axis.

6. A spinneret according to claim 4, wherein the conical shaped coil is

configured with a cone angle of between 90 to 140°, preferably between 110 to

25  130°.

7. A spinneret according to any one of claims 1 to 6, wherein the average

radius of the annular loops is between 5 and 1000 mm.

30 8. A spinneret according to any one of claims 1 fo 7, wherein the length of

the coil is greater than 2mm, preferably between 20 and 6000 mm.



16. An electrostatic spinning apparatus according to claim 15,
further .5 including at | east two spinnerets according to any one of
clains 1 to 14, each of the spinnerets including a central axis, the
respective central axis of each spinneret being radially spaced apart
relative to one another. 17. An el ectros2@tic spinning apparatus

according to gl ai . or \ rej nt er,_ el ) i
ori ent at ed su%'st a%i]sgm%fr%gr%%@ﬁ{] %#%égc;%é%%r a% ?é%%s%g‘ge?fﬂg’e oﬁameter'
spi nneret . ol &e wine of &etcoilss attwees fi.Fininmgnagpamat usretesaldy detvepend.7
claim15, 16 qr é@ wherein the counter el ectrode substantially

ext ends al ohg Pﬂ fnghgt h of the 15spinneret. 19. An electrostatic
spi nni ng apparatus according to any one of clains 15 to 18, wherein
the countep electrode. includes. .a rotating tubulgr, hody on ich th
nano- {1 br e5pr dluct ASHRTBE! GoraTdne S ueneae s de By whedh HEEIR auig
appar at us accexidl sigadirg bstyweoneact adhedrimndblat Pop Yonghae ekentrillis of the
reservoir is formed within the spinneret. 21. An electrostatic

spi nni ng apparBI€®kccording to claim20, wherein the 25 spinner et

i ncl udes annul ar | oops that are substantially integrally connected to

forma helical coil, the | oops being space art by a distance which
enabl o5 sur fadd f o SRR RETIE  Aaiicas o) RIS 15 HAarhv R NG SPeonS
bet ween t he | oeffccandijadshbamuldiodpRSeaviehst Whe) ptdferapytvéd 5 mm and
di fference between the counter electrode and spinneret is below a
critical val uB%U3¥™ 22. An electrostatic spi nni ng appar atus accordi ng

to claim 15, wherein the counter electrode is substantially

orientated pergendycyl ar) f Lo L Sont AL P50  BRuABLINSLS!

annular
loop is spaced closely to an adjacent annular loop relative to the central axis so

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

13. A spinneret according to claim 12, 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

20 and a counter electrode is less than a critical intensity.

14. A spinneret accord‘ing to any one of claims 1 to 13, wherein the helical
wire coil includes a liquid reservoir within the annular lodps in which viscous
liquid can be held.
25 ‘
15. An electrostatic spinning apparatus for producing nanofibres from a
viscous liquid in an electric field comprising:
a charged electrode includ'ing at least one spinneret according to any
one of claims 1to 14,
30 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 _
a power supply electrically Conneéted between the charged electrode
and the counter electrode, the power supply Capablev of electrically charging the



31 23. An electrostatic spinning apparatus according to claim 22,
wherein the counter electrode is |ocated underneath the spinneret and
circunscri bes an area equal to at least the width of the spinneret at
that |ocation, the spinneret being configured to allow the viscous
fluid to fl ow dowmnwardly fromthe reservd@r 5to a counter el ectrode’

|cat ed bel o 6 SPLBORLE! any Xt CLASHLOSIALLE SRLANLAO PRALBLYS

. c
accor di ng to clarm 2 € counter electrode conpri

a pl at e | ocat eteande ene dtchcaunter efEchroés.et . 1025. An el ectrostatic

spi nni ng apparatus according to any one of clains 15 to 24, wherein
t he power supply creates a potential difference between the charged
el ectrode and 16he éaubleetrosthiRc tspimdimgobppdreitse acddnding 3k \dairand5, further
preferably_grea L nni n

er._than kKV. 1526, An el gctrostatic.s ’
Bppar at Us’ SocRIRE POCaH G ARNBF S oSO Y 298 Of JAPI 0 freeach of
char ged el ect tieslaspirdiestacatudifiat céiteimaxize tiso vadpaictiad eshtra)dexidwf each
bet ween 100 to i

600 . 27. An el ectrostatic spinning . apparatus
according to éHVnSF?gTQS’PQJ?%E?l%Spfge‘? 8P§’g§"éﬁ A'Vﬁﬁ%f’%‘? ﬁ'gci’tﬁgrpvi scous |iquid
is a polynmer solution. 28.An electrostatic spinning apparatus
according to y one of clainms 15 to 27, wherein the .reservojr . .
conprises a | ﬁgui dg‘ﬂaq??“?trioﬁ%\%isﬁ'ﬁmﬁgﬁ(%?ri%ﬁ Yot @p‘?l?iﬁ'ege?r 1@ wherein
i mrer sed, 10he tispicantecdledifidads 6statgd salktatiallp patatielad thd canlral anbdithe
25axis in order,toﬁ?goat a portion of the viscous liquid on a surface

of the spinnerB"&Hd nove that coated surface out fromthe |iquid
reservoir.

18.  An electrostatic spinning apparatus according to claim 15, 16 or 16, .
wherein the counter electrode substantially extends along the length of the

15  spinneret.

19.  An electrostatic spinning apparatus according to any one of claims 15 to
18, wherein the counter electrode includes a rotating tubular body on which the
nano-fibre product can be collected.

20
20.  An electrostatic spinning apparatus according to any one of claims 15 to

19, wherein the reservoir is formed within the spinneret.

21.  An electrostatic spinning apparatus according to claim 20, wherein the
25 spinneret includes annular loops that are substantially integrally connected to
form a helical coil, the loops being spaced apart by a distance which enables
surface forces of viscous liquid to retain that liquid between the loops and within
the reservoir when the potential difference between the counter electrode and
spinheret is below a critical value.
30
22.  An electrostatic spinning apparatus according to claim 15, wherein the
counter electrode is substantially orientated perpendicular}y to the central axis

of the spinneret.



29. An el ectrostatic spinning apparatus according to any one of clains
15 to -28, further including a fluid source with an outlet |ocated
proxi mate the 30spinneret, the fluid source having a fluid flow
generally directed to flow fromthe spinneret th the counter

el ect r ode. 31

23.  An electrostatic spinning a'p-"paratus according to claim 22, 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

-5 to a counter electrode located below the spinneret.

24.  An electrostatic spinning apparatus according to claim 22 or 23, wherein

the counter electrode comprises a plate located undefneat‘h the Spinneret.

10 25.  An electrostatic spinning apparatus according to any one of claims 15 to
24, wherein the power supply creates a potential difference between the
charged electrode and the counter electrode of greater than 30kV; ia'nd

preferably greater than 40kV.

15 26.  An electrostatic spinning apparatus according to any one of claims 15 to
25, wherein the charged electrode is spaced apart from the counter electrode
by between 100 to 600 mm.

27.  An electrostatic spinning apparatus according to any one of claims 15 to
20 26, wherein the viscous liquid is a polymer solution. ‘

28.  An electrostatic spinning apparatus according to any one of claims 15 to
27, wherein the reservoir comprises a liquid bath in which a portion of the
spinneret is immersed, the spinneret being configured to rotate about the center

25  axis in order to coat a bortion of the viscous liqhid on a surface of the spin‘neret
and move that coated surface out from the quuid reservoir.

29.  An electrostatic spinning apparatus according to any one of claims 15 to

28, further including a fluid source with an outlet located proximate the -
30  spinneret, the fluid source having a fluid flow generally directed to flow from the

spinneret to the counter electrode. |

30. A nanofibre and/for non- woven nanofibre mat produced from an.
~ apparatus according to any one of the claims 15 to 29.



