2142870 | MPROVEMENTS | N SYNTHETI C VASCULAR .GRAFTS AND NETHCDS AND'
"APPARATUS FOR MANUFACTURI NG SUCH GRAFTS. . The invention rel at %g@y
vascul ar ‘grafts and their manuf acture. 5 It has been.prop
~synthetic vascul ar grafts by an electrostatlc spi nni ng -t echni que, as
descri bed for exanple in Published European Application No. 0005035. :
ha§val so been apumo&m@l\mbatmaemmmm cvxemwem WEARTS 9NT hETHODSA RO ar
) : - he., nhy.si cal propertles of -
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: g
appllcatlon No. 821606&headnvbndioh valyteg aalsxthgmxn;Magnuﬁanagnaftﬁ _
synt heti-c vascul fy b he'rotati onal speed of the mandrel in

t =15 el ectrost a Fg géﬁr %aﬁﬁkgggggé i s described. According to the
~invention ther® is pro¥i tdéesabsaﬂaPHQPP§¢deF@c@?%%t%ﬁﬂﬁhﬂﬂﬁFsﬁﬁﬁﬁﬂ%ﬁj

syngheflc vascuL@&agm%fb§ g?n?qbgFngeﬁanadgginnﬂﬁzgkﬁéﬁﬁfdﬁgEnaém]the

mandr el , . means for rostatica char ndre ans_for
directing organléeﬁﬁFgﬁﬁpl °ﬁaF§PW8¥etbﬂa$B€9t QﬁeaﬂuﬁPéEiﬁﬁR%ﬂﬁ!
means | ocat ed i nNohe 0O08§08S .of Ithhasabdsbabe el r app rexi atesdh stHaor drrifdatemopiieg
the el ectrostal ¢oflichd oiuaed shkeRbEeh! 03L3M 6 CLALALS & Ao dE (AL Fan 7

use. 25 - The "el'ectro Sé a ectro
arranged one d&classiigd dn tﬂlﬂéchéBSr itaﬁ HhYéé@&hgpmtlel?neoﬁmﬁf@r ignaft

di reff' ng rreagls Ry ?fgxemhy%eca& beapkrengsass Qfﬁilﬁﬁﬁfi Yazﬁtfex%fraﬁrpfour
moans. o1 cont r oMRGALAE BPBILFALLAD, NopoBEheSaE: o DA G (AR Sidans.
-2- The mandrel rmisberobitnproperdiasesera syntiytic vascular graft by
'_ varying the rotational speed of the mandrel in the f
15 electrostatic spinning process is described.

_ According to the invention there is provided
apparatus for electrostatically spinning synthetic
vaecular grafts comprising a mandrel, means for rotating
‘the mandrel, means for electrostatically charging the

20 mandrel, means for directing organic polymeric material
towards the mandrel, ahd electrode means located in the
region of the material directing means for influencing

- the electrostatic field caused by electrostatic charging
of the mandrel, in use. .
25 The electrode- means may comprise a pair of
_ electrodes arranged one each side of the naterial directing
means.
The material directing means may comprise at least
~ .one and preferably an array of capillary'needles.
30 ' The apparatus preferably further comprises means
- for controlling the electrostatic potential of the
electrode means.



taper. -The apparat us nay conpri se means for varylng the speed of rotation
of the mandrel, and nmeans for varying 5 the rotational speed of the

ma in accor dance with the traverse position of the fluid directing
me 'he invention further provi des a method of manu- facturlng a
syn I ¢ vascul ar. graft by electro ati- cally spinning ah organic

‘polymeric naterTioé mandréD may eboaresforu tiferren d iame teol,| vt may t he spun !
fibres on €$ guectrostatlcally charged mandrel, mhlch met hod conprises the -
step of enC|ng the electrostatic field caused by el ectrostatic .

charglng of t hel Raried r ahu | gt G i P eadatf@r VAryHadr 4§eon of neans -

15 for d'%&&édnﬁftvk‘@t@iﬂ&n'ﬁ pEHé’Wrid-‘ré‘Tﬁt%rdda|metaQ|\§aﬁ"@$ tvlaervrmadrel tos _
| raft. The.

achi ev red degree of anis e synt hetic vascu
| electrgde ﬁ%%n%°h%§‘$h?%ﬂsﬁﬁﬂ4)°g(£ﬁaqmﬂ9qﬁe né@a@ﬁ@@rﬂéﬂéﬁtWéF mnth respect
"t]? t he milt"eﬁe atr@dPersd r;ﬁ&iimﬂlﬁﬁﬁ&heT]tﬂLﬂM h!ﬁd‘gfm}'in@l ﬁ\‘éa@@ﬁgrl ise thedstep
of controlling r tion of t man mandr el spee
may be kept fal{] '8‘%'&)} I#e)l{f%hecrurqrr?d' e(fdl?ctmiegrt?ogf °§n M2AYivi dual graft
or may be ﬂeatuxhnq&a synthetiiec ivasouliam gnafithdy erlecitdtes tatdynt heti'c -
“vascul ar r%?k% qzyépq I Jol0 st he invention. By
. way of anggi‘y oﬁnﬁgﬁﬁﬁrﬁ acpaob I N Q: %ﬁ%@qlaﬁvgktlon of appar at us
“for anhanRWRﬁFQﬁoﬁnﬁhQEFQﬁ)a%ﬁnﬁQﬁiﬁQﬁkﬂ&s |eaﬁpgmafﬂ§ram on now be

descri bed y tdndéefed 00ei ddl FW%WWMIW Q«Wﬂ&ﬂsme'ﬂﬂo‘ﬂ’”' ch:- Figure |
s a dlagrannatlc |Ilustrat|o ggus for electrostatically

spi nni ng & YU het§ CREIsTIARO r} fa‘"%”‘g strostakiSor anmati c
|IIustrat|bhetﬂ caused by e]ectrostat1c charg1ng of the mandrel -

by electrode means located in the region of means
15 for directing the organic polymer1c material towards
the mandrel, to achieve a desired degree of anwstropy
in the synthetic vascular graft
The electrode means may be at zero, pos1t1ve'
_ or negat1ve potent1a1 with respect to the mater1a1
20 directing means. . - -
The method may also compr1se the step of control]1ng
the speed of rotation of the mandrel. The mandrel
speed may be kept at a uniform Tevel during
_ product1on of an 1nd1v1dua1 graft or may be varied.
25 The 1nvent10n further provides a synthetic vascular
graft made by apparatus or a method accord1ng to
- the invention.
By way of an example, one embod iment accord1ng _
- to_the invention of apparatus for and method of mak1ng | -
30 synthetic. vascu]ar grafts, will now be described with
reference to the accompanying drawrngs, in which:- '
Figure 1 is a diagrammetic illustration of a .
known apparatus for electrostatically Spfnnihg a
| synthetic vascular graft;.
.35 '



~

present in the reglon of needles for solution ejection, the electr
being at the'5 .sane potential as t he needl es; Figure 3 i5 a diag i C-
‘illustration of the apparatus of Figure 2 with the el ectrodes at p03|t|ve
potential with respect to the needles; and Figure 4 is a diagranmatic . -
Il Tustration of the 10 ¥ rat f n I he ectrodes at .

negati ve: potentlal Wltﬁ Sggg gt l‘l?o %ﬂg 'g'ﬁag e P] ﬁ‘hfy\)ﬁ/mahﬁho'h ?uraep 1, a L
known enbodi ment mbeﬂemenbsoﬁtappspahns ngca@pdmaguto cnprimesta amot at i ng:
mandrel 10 and anﬁr wcﬁf e%ét?b@ﬁ §F@e£r§§‘@h{|ﬁr‘i>’tﬂ§ r PR &F hleeld eand

enbodi nent ‘of appar at us according to the invention in which 6|60trE§§§;Tre

13 unted on a g Is traversed al on the
‘length of the -man Pélsa Hté°§oF&FFBﬁ°Bf b ?yﬁ%??tr%%ﬁ%rQQﬂngsﬁﬁbﬁ
polyurethane i8S eBembeﬁoteanh5mea§eeﬁéeseeahesaandreI 10 |s rotated at a

d d d, II t t o, 2500 m
between 2000 and 20000" 1 BAre Tnd nankiesrFuhgsfe, B BT oD et ”
normal ly -12 Kkv. appahamGSpeftFugurheznneﬂheth&lelénﬂﬁbdnxﬂntrﬁnStmnve
el ectrostatic fi ehdebfirdafahen Yepege dEgPLRL plepplytrgifane | caves a

‘needl e and 25 enters the el ectrost pl et el ongates to form
a cone or jet and fronfdBgrent & @h679§f3m$¢hécfIb}@%tﬁﬁttﬂﬂuﬁﬁeﬁhq n the

range 1 to 2. h@rrhpﬁﬁﬁa%hg Broﬂvgeﬂegng ghdrach echtond el ids W& Figure
1 illustrates the s and 17 from30  the edles 11, 12

and 13 respectivel§92 PFehHQthiha?oﬁhHhtﬁ%fp%%f|EﬂltﬂﬁcﬁeQHi rotation
speed causes- variati onAsnshowaotinopygofet hg grmﬁawmwemhuuﬁheﬁtwoﬁtIOnn1

Young' o modul us [ &1EE T 8sERar %Eﬁﬁaﬁé AdFe EAHNS: Bt T e i ng
.fron1apprOX|natelwaOdBeﬂOﬂOaandtanlanaays@éeﬂtmfnneﬂﬂ stee t capblieymat el y
1.3 for a rot3aki ojakqieed1971299R8 TP hounted on a manifold 14. The
manifold 14 is traversed'alohg the length of the
mandrel and a solution of polymeric material, such
" as polyurethane is ejected from the needles. The
mandrel 10 is rotated at a desired speed, normally
20 1in the range o to 25000 rpm and: preferably between
2000 and 20000 rpm. .The'mandrei is maintained at a
.poténtia},_normally -12 kv, with respect to the needles
11,12,13 such that an electrostatic field is created.
Ny When a drOpJet of'polyurethané leaves a needle and
‘25 enters the electrostatic field, the droplet eldngates
_'to form'a cone or jet and from the end of the jet,
fine fibres of diameter in the'fange'l to 2 um are
are produced and attracted to the mandrel 10. Figure
1 illustrates the shape of flows 15,76 and 17 from
30 the needles 11,12 and 13 respectively. It has been
found that variation of mandrel rotation speed causes
variation in anisotropy of the graft_produced; for a -
10mm internal'diameter'graft, with values of the _
ratio of circumferential Youg's modulus (Eg) to Tongi-
35 tudinal Young's modulus (Ez} varylng from approx1mate1y
| 0.6 for a rotational speed of 2000 rpm to approximately
1.3 for a rotational speed of 9000 rpm.



-4 - Flgures 2,3 and 4 show t he: apparatus of Figure |l wth, in-addition,

es ‘18 and 19 arranged at each end of the array of needles 11,12, 13
¢trodes 18 and 19 are in the form'of plates having 5 inwardly ‘
nd portions 20 and 21 respqulvely al though it will be appreciated
er forms could be used. Figure 2 shows the effect 6f the presence -

of the el ectrodebguseardh IR 1 & | Wit heolappar atiwsn ofh€rigureld is no i

potential giff erﬁn%@ﬁy@en dNc IRy qq;esananqgt Qe.,.rae&dl es. In Figure 3,

t he electrodes re’yi S 03|t|ve otenti-al. wt 12 ct to t he needl es, and
tY'o t

in Figure

at ¢ d‘é'seaPr"e" of lase IB i*al Wi"€h respect to the

needl es. 1§lectrodds T8ame: Bmearre‘ riom thi eg oarni2 o f1 praFtFe%SQfaQGn@f t he W
el ectrodes, 18 ﬂ% 9 foc sse elect Ofiﬁﬁ” q f fleld ctlgg in the
sol utidn off %%T£ Lk qur "% Ll BSPES entuat ed when a
positive polendugh 16 wnﬂﬂ|Eﬁiappnduaaieﬂnthm¢e$thbwtfwhmm a 20 negative’
pot enti al éé ﬁ{' | df the ‘el ectrodes, the attraction of the nandrel I n
Ot ¢ he  needl e

“the regio

s i-s reduced and the material flowis

cor r espondi ngl yf tAuRg gerthowesthe @fifriacdd ofutthien preseniset iof $ascul ar grafts
25 pr 0dUC@PEd%ﬁ6Hé§16183|ﬁﬁ rgesn lﬂoancbfl%o JmelrGhRAt @heird! of the needles

11,12 and
under -8t m
present, i
i ncrease i
the' ratio
t he aX|aI

15

20

25

TnE G R 1 ohed TAAe AR e TR o 0 JBEET 42 Hnand0 el ng.
ﬂdeqaéeadtéat 1D Figure Ja)thd feeletdtemtdreedes'oelagalad ﬁ9l ﬁgtﬁzgsgnl N
‘g?érﬁlﬁa‘f%asﬁtlﬁot 5:%?“‘6% gulztf"‘fecﬁ‘f gqg?#’ él gl rection to
th rietgitm §erthe flemodss are at a negative potent1a1
with respect to the needles.
As can be seen from F1gure 2, the presence of
the electrodes 18 and 19 focusses the electrostat1c
field actvng in the solution of po]ymer to draw in
the flow. Th1s effect is accentuated when -a pos1t1ve -
potent1a1 is app11ed to the eIectrodes, but when a
negative potent1al is app11ed to the electrodes, the
attraction of the mandrel in the region of the needles
is reduced and the materialflowis correspondingly
divergent. n  | : ,
Tests carried out in synthetic vascular grafts
produced with the electrodes 18 and 19 at the potential

~of the needles 11,12 and 13 and compared with tests

30

35

on synthetic vascular grafts_made under similar con-
ditions but without the electrodes 18 and 19 being
present, indicate that: ' :
“{a) the electrodes 18 and 19 cause an 1ncrease
in the average 1n1t1a1 elastic modulus of 80%
(b) an increase in the ratio of initial elastic
"modulus in the circumferential direction to the
axial direction (Eg:E,) of 60%. .

-

i



f‘5 - By varying the potential of the electrodes 18 and 19, variationszha
tile ani sotropy- of ‘the synthetic vascular graft can be achieved. Thi s_ :
provi des” an advant age over the met hod di scl osed in our. appllcatlon 5 i

Np. 8216066 in which. ani sotropy variations were achi eved by varying the o
mapdrel rotation speed, as a limt on the naxt mum r ot at i on speed of the

ma el and m ni mum gra ft dhgéptﬂ:éhénggé%iﬁtéﬁc“é)né]g&gmgewee of"

anlsotropy whi ch .coul d He va experinents were
performed as previandsilp,deacriabéansbim the paniseurony af W yarnhedne

sol ution was 12. S%th ]Sg)g g@reknreéaé¢ﬁﬂeM@§ 15ﬁ@1§9&ﬁoﬂiﬂes an 3)
m

ndr el di amet er S fio W, rate wa |
5) 4 needl es wereaﬂgé@taﬂﬁpﬁv érF]‘g th38' diser f% L °“’p&&ﬁfiﬁa{§JJ]
Ratio E : E 205 No yauwg2 16086y ia. #Bich an1§b€Kbpy vaBi®bions were lachieved

el ectrodes Auxilliar 2 ectrodes
at Ov -wrt needlesbﬂéxﬁﬁfQPﬁl ngmandge gotat1éa gpeed. as, % fm £ 1 91

el ectrodes at -IIQothheumaﬂ1m§mAnﬂtBtﬂQNySPeeé of the mamdpgl and minphrum
0.94 30 eleCtr(“kﬁ?éﬁt'H%QQMtW?tiHESQEESrestFHG%WEhs on the degree of - 6-

. anisotropy wh1ch could be obta1ned.
10 EXAMPLE . :
_:All experiments were performed as previously described,
but in particular: '
1) polyurethane solutlon was 12.5% w/w.
o 2) mandrel rotation was 1500 rpm.
15 3) mandrel diameter was 0.95 cm (3/8%).
~ 4) solution flow rate wés,6.5 ml/hr.
5) 3 needles were used.

Expt.-_ B Ez : 'EQ 'Avergge E Ratio EZ:Eg
20 No auxilliary 3.43 2.56 3.00 1.34
o electrodes. o _ _ , '
L Auxilliary 4.49 4,02 - 4.26 1.12

electrodes at
- . Ov wrt needles _ .
25 Auxilliary  2.91 - 1./9 2.41 1.21

i n  electrodes at

i o . <1Kv wrt .

; ~  needles | : S

'3 Auxilliary  5.13 ' 5.45 = 5.26 0.94

30 electrodes
at +400V wrt
-needles
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1. Apparatus for electrostatically spinning synthetic vascular grafts
.conpeising -a mandrel, neans for rotating 5 %he~nandLgL~_gg§E§_Lor )
el g5t ati cal |y charging the nandrel means for directing organic S
pollyperijc. material towards. the man and elﬁmm ated in the .
regi on/of the ‘material directi ng ns for inf m"ﬁr’me”imectrostatlc :

fi eNd causiesliy el ectrostatic 10 charging of the frardre 2
Apparatus™as craimed in claim1, wherein the el ectrode nmeans conprise a

pair of el ectrodes. arranged one each side of the materi al directing neans.
3. Appar at usAppara tu sreton re eatinast adii cdildiyms2 10 ingosynit8ekdcneans for .

controlllpgsé@ api@pgf@§tégwﬁ}{gnﬁqﬂdiﬁad@ﬁehhemeﬂ%t?%¢erGQ§@3nﬁe naterla}‘)

_Apparatus as Cl al ne |ncal{n alm (;lalm wherein. t
di r ec?i ngthRamandnshy i means Qﬁﬁﬁl%ﬁﬁ¥Q§£ﬁqﬂ J¥n&dargingoths
Appar at usm&gd€é B 'éan$ £dmidi rec ey @rganie rpsmtwme&hcdmrafe@trhag means

i t | d "
o cced; natvaaE i FEMS T 30E €1 e paan” 33e3s 4 Yot aci on 25 of
t he mandrthe W7egioppef athe m&ieﬂtﬁlnﬁﬁnetthmlmaansoﬁpW|smﬁdunnans for
varying t@fnéoiﬁé'gﬂ@% toPsefe i ¢ d“?%ﬂ?ﬂd'&} QQQ%&¢?§Q%thth the traverse

position o he mater al dlrectlng nean atus as cl ai ned
in an}oprébéﬂﬂhgﬂc¢6JhﬁevWﬁﬂ4¥¢1itﬂ?rﬁﬁﬁﬂeﬂ i's of uniformdianeter. 9.

Appar at uszas cl aAppgrd fuys OFFa e B Bl alint O ,7 wheht@ligi Rhiehe nmandrel

t apers A, net hod of manufacturin etic vascul ar 35 graft by
el ect rost%ﬂ?%‘éﬂ'?‘}e SPEHDS. n@%b?ﬁﬁlpc?‘dgl‘\?ngllef Si Arren959or ecur sor

t her eof aodeceatiecside dfnihﬁnmaﬁeﬂﬁaisdmreﬂt1mbemmmmstatlcalIy charged
mandrel, yhich ngtnods LRIPLL SEFa flla SHER Wind N l¥eRgiang he

15 compr1svng means for controlling the electrostatic
potential of.the electrode means. '

4.  Apparatus as claimed in claim 1, claim 2 or
claim 3, wherein the mater1a1 d1rect1ng means compr1se
at least one capillary ‘needle.

20 5. N Apparatus as claimed in claim ‘4, wherein the
material d1rect1ng means comprise an array of cap111ary
needles. o | | |
6. Apparatus as claimed in any preceding claim
comprising means for varying the speed of rotation

25 of the mandrel.

7. Apparatus as claimed in claim 6 comprising

means for varying the rotational speed of the mandrel

in accordance with the traverse position of the material
d1rect1ng means. _ '

30 8. Apparatus as claimed in any preced1ng clatm,

wherein the mandrel is of uniform diameter.

9. ' Apparatus as claimed in any one of claims 1

.to 7, wherein the mandrel tapers.

10. . A method of manufacturing a synthetic vascular.

35 graft by electrdstatica]ly spinning an organic polymeric .
material or a. precursor thereof and collecting the
spun fibres on an electrostat1cally charged mandrel,
which method compr1ses the step of 1nf1uenc1ng the



- 7- electrostatlc field caused by electrostatlc charglng of the mandr el by
electrode means' | ocated in the region of neans ‘aﬁ|&“giorg.; ™
Jolymeric material ‘towards the mandrel, to achl m\ ““Eml cleg_ S

ani sotropy in the 'synt hetic vascul ar graft 11. A met hbd Ss “cl ai'mds
-cl.al m 10 conpr|5|ng the step of controlllnb The speed of rotation of the-

fel. 12. em@feseﬁt%aﬁwd'aaﬁéaarrwoﬂwﬂmneclhfa ddwgggldre'

'speed is kept at a.unitorm level durin roduc- f an i ndi vi
graft. 13. A mefnh&heaBapdBe hebyi @l %ﬁ?r%ﬁ% BE2Rs ol 2 U {1 e wherein
-the el ectrode nEaﬁ&gdbﬁ af hB@nSaﬂErp@ie9ttﬁhgaShéfurg&ﬁfvlﬁﬂlyheﬁmnn ng-

15 14. A hod I 1
vn\ﬁg/;]; n the el ect P‘B&gﬁtlirﬁi §g§?gd§{ gﬁgnﬁﬂﬁﬁlébonﬁ e%ﬁq aﬁq} ffp Se{s;*pect to the
mat eri al . di rebti ndegearsof1BnisotPoppet hodthhs stmmeﬂ1arvaaqukaagﬁaﬂﬂ .ai ms
10 to 12, wherein qhe elgchégﬁgdnggnélggﬁi@tIR PPé{ﬁledgﬂ#pﬁ¥géﬂgliﬂ W th

respect to t he naterlal i rec éf r at
-'electrostatlcalIytbplﬁﬁﬁngoﬁyﬁ@hgt9b1W&Schh%rs@ﬁ tef sutstainn afi ythes

her ei nbef ore descpiahgdemM th reference to and as shown.in Figures 2,3 and 4
-of the acconpanylag dr awi ngs

nufacturl
“synthetic vascul af®graft® aﬁgPaat?élF&abﬁe%e?%lﬁﬂﬁﬁﬁr Qﬁﬂ;ﬁb%h
reference to d0d mangheMnspseli gsriesp?, 3t @rudipérn hbe\ee:barmainw nyroduc-

drawi ngs, 18.. ﬁgxn%?es aﬁ§§§§59§bg pg%knade by apparatus 30 as clained-

I n any one of cIa| synthetic vascul ar graft nade
by a method as cIdBned i'A mephodeasfctaimed 10 amy iGnernf ilaims 10

to- 12 wherein the electrode means are at the same
-_potent1al as the material d1rect1ng means.
15 14, A method as claimed in any one of claims 10 _
to 12, wherein the electrode means are at a negative
potentiai'with respect to the material directing means.
15. A method as claimed in any one of claims 10
. to 12, wherein the e1ectrode means are . at a pos1t1ve
20 potential with respect to the material directing means.
16. Apparatus for electrostatically spinning synthetic
'vascular'érafts'substantia11y as hereinbefore described
~with reference to and as shown in Figures 2,3 and 4
of the accompanying drawings. | - '

25 17. A method of manufacturing a synthetic vascular
:graft substantially as hereinbefore described with
reference to and as shown in Figures 2;3, or 4 of

the accompany1ng drawings.

18. A synthetic vascular graft made by apparatus
300 as claimed in any one of c1a1ms 1 to 9 and T6.

19. A synthetlc vascular graft made by a method

‘as c1a1med in any one of claims 10 to 15 and i7.




