WO 2006/057619 PCT/SG2004/000374 1 Method And Apparatus For
Forming Microstructures FIELD OF INVENTION 5 The present invention
relates broadly to a method and apparatus for microforming an array of
mierostrerciures. BACKGROUND 10 Microstructures such ag®rgsG2004/000374
microneedles are being utilised in a number of different technology areas.
For example, hypodermic injection and oral administration are the most
commonly practised methods to adminjster drugs to the human body, due
to their rapidness, effectiveness and straightforwardness. Some

disadvan 15,0f these methods include initial spike, conceptration
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tract or complications arising at parts of the body other than targeted
organs when the drugs are administered orally. On the other hand,
transdermal %delivery, an alternative for hypodermic injection or

intr&VERB A ME%Na painless means to administer drugs to human
ody. This 20 alternative drug delivery means prevents the drug from

being destiayesitthenaigeativrliastuipediaialy aRssRs e

liver. The conventional P oduct§ fO{ transdermal drug delivery usually
comei %‘E“Fé%’n%”o?’"f)a&tc At Can He adhered to the human body for
prolonged drug delivery without restricting the mobility of the patient.
Thesggwakoisngsually have drug reservoirs sandwiched between an 25
4gmpervious backing and a membrane face that controls the steady state
rate of drug_delivery. Some existing applications of transdermal drug
delivery in@lﬁﬂ?%ﬁ%ﬁ‘?ﬁﬁ@%@r%‘ﬁﬂé\?@ﬁlﬁ?fﬁ PRBGoHiliser ipadumber of
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replacement,
p(?ue to their rapidness, effectiveness and straighiforwardness. Some disadvantages

15 of these methods include initial spike concentration, trauma from hypodermic
injection, damage of the drugs in the digestive fract or complications arising at parts
of the body other than fargeted organs when the drugs are administered orally. On
the other hand, fransdermal drug delivery, an alternative for hypodermic injection or
intravenous infusion, is a painless means o administer drugs to hurnan body. This

20  alternative drug delivery means prevents the drug from being destroyed in the
digestive tract or immediately absorbed by the liver. The conventional products for
transdermal drug delivery usually come in the form of patches that can be adhered to
the human body for prolonged drug delivery without restricting the mobility of the
patient. These products usually have drug reservoirs sandwiched between an

25  impervious backing and a membrane face that controls the steady state rate of drug
delivery. Some existing applications of transdermal drug delivery include scopolamine
for the prevention of motion sickness, nicotine patches for aid in smoking cessation,
nitroglycerin for the treatment of cof‘onary angina pain, and esfrogen for hormonal
replacement.

30

Transdermal drug delivery systems can generally be classified into active
transport systems and passive diffusion systems. Active fransport systems



30 Transdermal drug delivery systems can generally be classified into
active transport systems and passive diffusion systems. Active transport
systems WO 2006/057619 PCT/SG2004/000374 2 incorporate external
methedegath as, lontophoresis, electroporation and ultrasodaad/962004/000374
increase drug migration across the skin barrier into human body. These
methods enhance diffusion of the medication by electrical means or by

the application of high- frequency electgical pulses or sound waves to the
skin to improve absorption of a 5 drug. Conventional devices for practising

the fRES%&%@ﬁ@RQ%Y&BQQ&&%“ z&%ﬁﬂlﬁé%@”&é&i&%&ﬁ%%@ {Rrasound

hlghfgg’ men and o eratlons costs Eﬂi)t e _inconvenience of havin

prov ”8@3? %éﬂ"e%cu?ﬁﬁ%ﬁts AR R tRRLS eﬁﬂ%ﬁ%%eth"ds
abo@é@@@dﬁﬁwbﬁpaggwmﬁ@m@hcm%ygmhbtt@ fnpdtetiniigf high-
is basadrytereliftiasinnset ehssirplaidotankitipueg hnﬁ?&/é'ﬁﬂs@ﬂﬂcﬂf%f a
SioPERICRLRULRBIAETSISIS Syl B Ralo i OlaKln. S A0d ROy o

drug m%lecules the concentratP adient ac 8ss%he Stratunm. corneu
(the%f@fﬁrﬁ@& RYFeESTHsiRIe me«’%{*@m% aRerReEdAvRABRIRANd the
transdenvaligpatebesadnifer frovivéqwurehflesituririisl efdipendntigs from the
patch through the skin. 15 One method to improve the diffusion rate is by
disruption of the skin (stratum corneum) to upset the diffusion barrier..
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1%ime and are unsuitable for mass 25 production.
One method to improve the diffusion rate is by disruption of the skin {stratum
‘corneum) to upset the diffusion barrier.. This may be done either by scratching or by
direct penetration of the skin, utilising solid or hollow sharp protrusions, for example,
microneedle arrays. This is an effeclive and inexpensive method for overcoming or
20  amelicrating the low diffusion problem generally faced in transdermal drug delivery.

Conventional methods for producing microneedle arrays include, for example,
using a silicon substrate in conjunction with metal deposition and injection molding.
Such methods involve high production costs and time and are unsuitable for mass
25  production.

SUMMARY

In accordance with a first aspect of the present invention there is provided
30  a method of microforming an array of microstructures comprising advancing a punch
having an array of protrusions towards a sheet of material disposed between the
punch and a die, each protrusion shaped to deform the sheet of material into a



SUMMARY In accordance with a first aspect of the present invention

there is provided 30 a method of microforming an array of microstructures
comprising advancing a punch having an array of protrusions towards a
SHettobfialterial disposed between the punch and a die, eaRHEEIGtAM4IIAS74
shaped to deform the sheet of material into a WO 2006/057619
PCT/SG2004/000374 3 corresponding microstructure; providing a holder
for holding the sheet of material in plage; and punching the sheet of
material with the protrusions on the punch to form the array of
mmﬂ%?@é%ﬁ&%:%@&@@:‘e%mﬁ&ﬂ@é R EREBRIGERAY %%%&Mnaa in
mlcrqneedl nc o weo& ¥ urt %ra omp ise l%{puw ubsta%h éally
conStant & cou eractR/e €6t O matenal | Oa?r 5P orm
resdé@wr@ymimmjm@smﬂiﬁg ?hﬁﬁ"(ﬁf)@ﬁfﬁ@@llo The substantially
constant counteractive support may be provided by the die. The die may

@e a deforrﬁ%mﬁcg tr&éﬁ%%%fg% égggounch may be chosen such

that for a given thic nes eeto materlal plane stress is reduced
or avoided in the sheet of material during forming of the microstructures.
Each micragtrnottiradmay hetffornuaahristhpeosiolichtipsuB&tdndialy constant

miC@ﬁIﬁ%&B&ﬁé‘%ﬂﬁJ&%ﬁ%@’Eﬁb@t%@lﬁa@érﬁaﬁﬁ these kR gougire of
of t ]g()wotrus%J s.of the punch may be chosen such that

th
fore;f% SRS SLETT RS2SRt material, a hole or crack are created

1G4t 25 an early stage of microforming, wherein the hole or crack

subsequenthy sypsaRtENY EGhSRIRT CHNRIRGIREGUBSHH b BOPRNI K R die.
tip of each of the microstructures. The deformable die may be made from

a material that recovers partially or
The die may be a deformable die.

15 An aspect ratio of the punch may be chosen such that for a given thickness of
the sheet of material, plane stress is reduced or avoided in the sheet of material
during forming of the microstructures.

Each microstructure may be formed with a solid tip.
20
Each microstructure may formed with a hole at a tip thereof.

The curvature of the tip of each of the protrusions of the punch may be chosen
such that for a given thickness of the sheet of material, a hole or crack are created at

25  an early stage of microforming, wherein the hole or crack subsequently expand
during microforming and resulf in an opening at the fip of each of the microstructures.

The deformable die may be made from a material that recovers partially or
substantially after deformation.
30
The material may comprise semi-crystalline polymeric materials.



substantially after deformation. 30 The material may comprise
semi-crystalline polymeric materials. WO 2006/057619
PCT/SG2004/000374 4 The deformable die may be made of a material
SERHIBPITOM the group consisting of High Density PolyethyREEESGIEIREN374
Polypropylene (PP), Teflon (Polytetrafluoroethylene, PTFE), and
Polyethylene terephthalate (PET). 5 The method may further comprise
applying a solid lubricant to the punch.4The solid lubricant may comprise
a terahedral-amorphous carbon (Ta-C) coating. 10 The method may
foth@fe%%ﬁﬁ%i&@i@Uﬁ&r% %&ér@ra%éﬁt@ﬁgi ebrach pbthee mup tcons:stmg of
micresirue 0, eni crostructure coating
c%m er?ge a‘gnmr 2% r%n ?{969%? 8§’§ mE e%%%éb%’%{ﬂ'gtmg process
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material chosen from the group consisting of: steel, aluminium 1100 and

Lopper (99%). 20 n.ag §)9 dQ % ap atus g% W asgglcé IOEH?:S:‘R ek gfmch

|nvent|on there Is provide F'mrcro orming an array
microstructures comprising a punch having an array of protrusions; a die;;
and a holderefeciindidiricrat simetwfipristeriatdhalatantupingusiarsdanTing)
wheggingach protrusion is shaped to deform the sheet of material into a
corresponding microstructure, and wherein the sheet of material is 25
punched with the array of protrusions to form the array of microstructures.
10The microstieioietiensi may lveheicemedssicsaing whstaintaihsedastantach of the

coupterastuiussRPHarasiRethEqMisiestihasheet of 30 material in
areas of the respective microstructures during microforming. The

substantially constant counteractive support is provided by the die. WO
2006/057@%@ plerrotes gmwnse an electroplating process.

15 The electroplating process may comprise nickel plating.

The sheet of material may be a metallic material chosen from the group
consisting of: steel, aluminium 1100 and copper (99%).

20 In accordance with a second aspect of the present invention there is provided
an apparatus for microforming an array of microstructures comprising a punch having
an array of protrusions; a die;; and a holder for holding a sheet of material in place
during microforming, wherein each protrusion is shaped to deform the sheet of
material into a corresponding microstructure, and wherein the sheet of material is

25  punched with the array of protrusions to form the array of microstructures.

The microstructures may be microneedles.

A substantially constant counteractive support may be provided to the sheet of
30  material in areas of the respective microstructures during microforming.

The substantially constant counteractive support is provided by the die.



5 The die may be a deformable die. An aspect ratio of the punch may be
chosen such that for a given thickness of 5 the sheet of material, plane
stress is reduced or avoided in the sheet of material during forming of the
W A8erfctubes. Each microstructure may be formed with a SUITH$(ER004000374
Each microstructure may be formed with a hole at a tip thereof. The
curvature of the tip of each of the protrusions of the punch is chosen such
that for a given thickness of the sheet gf material, a hole or crack are
created at an early stage of microforming, wherein the hole or crack
subsequently expand during 15 microforming and result in an opening at
the tip of egch of the micr uctures The deformable die may be made
from a ma %@?Yebceo?/éf §I Gfl? or substantially after deformation.
20 The materlal may comprise semi-crystalline polymeric materials. The
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(Pch‘)“%f%(’@tﬁ‘ﬁqubﬁ&ﬁ?ﬁoﬁﬁwtﬁ’@%ppI|ed to the punch The solid
lubricant may comprise a Ta-C coating. 30 The apparatus may further

comprise BeaNHINGRIRG ABAR RARLAWIRGEBhagACh Of Ihe

microstructures for hardening the microstructures. WO 2006/057619

PCUSG2004/000374 6 The coating may comprise an electroplating
1Qrocess. Ehehaléowsiplating peydessoonmprites hitkel plagitigrécThe sheet

of material may be a metallic material chosen from the group consisting

of., steel, uemclt?rlxllja ure oq(gh%r?% 8? gep ?\ro(fgt%e grotrusmns of the punch is chosen such

that for a given thickness of the sheet of material, a hole or crack are created at an
early stage of microforming, wherein the hole or crack subsequently expand during
15 microforming and resulf in an opening at the tip of each of the microsfructures.

The deformable die may be made from a matetial that recovers partially or
substantially after deformation.

20 The material may comprise semi-crystalline polymeric materials.
The deformable die may made of a material selected from the group

consisting of: High Density Polyethylene (HOPE}), Polypropylene (PP), Teflon
{Polytetrafluoroethylene, PTFE}, and Polyethylene terephthalate (PET).

25
A solid lubricant may be applied to the punch.
The solid lubricant may comprise a Ta-C coating.
30 The apparatus may further comprise means for coating on an inner surface of

each of the microstructures for hardening the microstructures.



BRIEF DESCRIPTION OF THE DRAWINGS 10 Embodiments of the
invention will be better understood and readily apparent to one of ordinary
skill in the art from the following written description, by way of example
OYB20amasite @onjunction with the drawings, in which: Figure 1@y Sieows/an374
exploded perspective view of an apparatus for forming 15 microneedles,
according to an embodiment; Figure 1(b) shows a perspective view of the
apparatus in Figure 1; Figure 2(a) shovgs a punch that is fabricated by
milling, in accordance with 20 another embodiment; Figure 2(b) shows a

plurality of the Mﬂﬁa%mﬁiﬁmse%@}é@%%@{ﬁb%m& a punch that is

fabricated by EDM, in accordance with 25 another embodiment; Figure
2(d) shows the stereoscopic view of a 6X6 punch array that is fabricated
by precisioH/feeliemiinm ieeeTe spivarimhnigettnatagmbodiment 30
Figure 2(e) shows the side view of the punch array in Figure 2(d); WO

30061057640, BETISAAIRNINNSTS J BER TR EL SO Be oo

schematic representation of a process ficating micronee
by nRFFERAh AT E R BHAMGHE! A BRRICMRSHIFEA: 5 Figure 4 shows a

Scanning Electron Microscope (SEM) micrograph of a microneedle with

an aspfgt fdisaipBol 2 TIRRssRRnEa With another embodiment;

Figure 5 is a SEM micrograph of the microneedle, in accordance with
another 10 embodiment; Figures 6(a) - 6(e) is a schematic representation
1Gf the prodesbadignests fabRyagtiatioviimeduier ydaisiafdenihgadily apparent

accwdiﬁ@cﬂbm%]@mbwdilﬁiﬁfﬂ&n%ﬁ&m“ﬁ&eﬂé@%ﬁﬁﬁigﬁﬁ?mp
repr. tion o 0 f fabricating microneedles by
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Figure 1(a) shows an exploded perspective view of an apparatus for forming

15 microneedies, according to an embodiment;
Figure 1({b) shows a perspective view of the apparatus in Figure 1;

Figure 2(a) shows a punch that is fabricated by milling, in accordance with
20  another embodiment;

Figure 2(b} shows a plurality of the punches in Figure 2(a);

Figure 2(c) shows a punch that is fabricated by EDM, in accordance with
25  another embodiment;

Figure 2(d) shows the stereoscopic view of a 6X6 punch array that is
fabricated by precision wirecutfing, in accordance with another embodiment

30 Figure 2{e) shows the side view of the punch array in Figure 2(d);



Figure 8(a) is a SEM micrograph of an of the microneedle in accordance
with another embodiment; 20 Figure. 8(b) is a magnified photograph of

the microneedle in Figure 8(a); Figure 9(a) is a photograph showing an
arkagres/thietbneedles formed in accordance with another enRiSaHGEm/000374
25 Figure 9(b) is a photograph showing an array of microneedles formed

in accordance with another embodiment; Figures 10(a) and 10(b) are
photographs showing the perspective vyew and 30 cross-sectional view,
respectively, of the microneedle, in accordance with another embodiment;

WO 2006/ {2k T/ SEPHM AR A HEHEAME P dHRL RO ror

the I§)eﬁrs ctive, view ross-sectional view, respectively,

micrSRacates H4ensy §ﬁ ¥ NiECL B iR AR atish reRbos Rt
12(b) show the perspective view and cross-sectional view, 5 respectively,
of the microneedle, in accordance with another embodiment Figures

3(a) and re photogr lan view and a metrlc view,

%espectlvefl f)} %e51 rﬁ‘f'csrgn%e mgré%& @échﬁﬁﬁ%% Lhisigrarh of a
emﬂﬁﬁfﬁﬁﬁ"ﬁ“m"ﬁ @U@E@R*d}aﬁfhéfﬁ@eﬁ roin éﬁmﬂiﬂecmmtbﬁeeﬂiw arrays
formeeahbyimarécut punch arrays that have aspect ratios ranging from 1 to
1.5; Figures 15(a) - 15(c) are SEM micrographs showing the cross
sections of the whole microneedle, the base portion of the microneedle,
and the tip (38 SAREM SriniesmRiue he aizrepaodlc, inassertengecuitianother

1hnotmeraginisotiiment; Figure 16(a) is a SEM micrograph of the cross
section of a microneedle, in accordance with another embodiment; 20

Foure 16 5. 551 B RBBL L SRSS SRR L mctongecle

fabricating microneedies by microforming, according to another embodiment:

15 Figures 7(a) - 7(e) are a schematic representation of a process flow for
fabricating microneedles by microforming, according to another embodiment;

Figure 8(a) is a SEM micrograph of an of the microneedie in accordance with

another embodiment;
20
Figure. 8(b} is a magnified photograph of the microneedle in Figure 8(a);
Figure 9(a) is a photograph showing an array of microneedles formed in
accordance with another embodiment;
25

Figure 9(b) is a photograph showing an array of microneedles formed in
accordance with another embodiment;

Figures 10(a) and 10(b) are photographs showing the perspective view and
30  cross-sectional view, respectively, of the microneedle, in accordance with ancther
embodiment;



accordance with another embodiment; Figure 17(a) - 17(c) are SEM
micrographs of example hollow microneedles fabricated using different
thickness of aluminium sheet and punch geometry; 25 Figure 17(d) is an
BEhEtFBNIfet of the hollow microneedle in Figure 19(c); FiRFESGBH)0RY374
18(d) show a schematic representation of the process of fabricating
microneedles, in accordance with another embodiment; 30 Figure 19(a)
shows the microneedle array formed insaccordance with the embodiment

in Figures 18(a) to 18(d); WO 2006/057619 PCT/SG2004/000374 9

Figures 20@@@5@(@ ?hewwﬁmmqﬂstspefsfgé%wﬁe Bemahy %r%@@-é@&ﬁﬁaﬁliew,
crown mode and.a crater modg, respectively, of the microneed|es

e S ek e A S R
described embodiments relate to the fabrication of 10 microstructures, for
example, rRigieseeZilgBndsing yeivwiprNpRgs Ve ifsanariiassaasibralview,
ghe f g'gb_&ﬁvawawmim{e%éf?ﬁga&%%n%gmaér%@a@g%@uﬁﬁqﬁﬁtems

to administer drugs into a living ‘organism or to extract om a
living organism. 15 Microforming may be defined as the production of
parts or stitigtuees By )randal3 oy aninghotitirate att o dinve astomsisstieric view,

sub;ulIREIES r'aNEE nRESIAY 2 A HIRGRBYLRE MEWEdAS Bdiment:

down-scaling of the conventional metal forming process, both of which
may be characterised by four main components, namely - material
1Gnvolved, tbtsidre it pad, Btbralwvinempieanid ene demmiye fogodd Phevirecut

20 rpaieHakiapoivachisasignifieant Relghgaieriabretated problems
associated with the
Figures 15(a) — 15(c) are SEM micrographs showing the cross sections of the
whole microneedie, the base portion of the microneedle, and the tip (apex) of the
15  microneedle, respectively, in accordance with another embodiment;

Figure 16(a) is a SEM micrograph of the cross section of a microneedle, in
accordance with another embodiment;

20 Figure 18(b) is a SEM micrograph of the cross section of a microneedie, in
accordance with another embodiment;

Figure 17(a} — 17{c) are SEM micrographs of example hollow microneedies
fabricated using different thickness of aluminium sheet and punch geometry;

25
Figure 17(d) is an isometric view of the hollow microneedle in Figure 19(c);
Figures 18(a) to 18(d) show a schematic representation of the process of
fabricating microneedles, in accordance with another embodiment;
30

Figure 19(a) shows the microneedie array formed in accordance with the
embodiment in Figures 18(a) to 18(d);



down-scaling of conventional metal forming are strongly coupled with
miniaturisation itself: (a) the microstructure, for example, is independent
of the dimensions of the process; and (b) the topography of the surface is
W@P4#86105THese factors lead to the so-called size effects in WEKBGHE4/000374
ratio of the dimensions of a part to parameters of 25 the microstructure,
such as grain size, or surface changes with miniaturisation. All these
factors prevent or obstruct the applicat®n of the know-how of conventional
metal forming processes in the field of microforming. The technical
implications of microforming are that the flow stress, the vertical 30 mean
anisotropy; I ec ea ed. pro S ively reducing the
formabllltyFﬁSrpnlﬂ %‘%g@&ﬂ%}iﬁé s avér a §o S8 d%\?v%{t? 4 ic'%%ﬁefﬁé"@%%&’g\ﬁtﬁ
WOPBYBBTsiFeAY BETH 4]0BRE ety Philin aninieassien atciek yf
lubrigiatadormwitly.oil, while friction is size-independent in the case of dry
gorming. An example embodiment of an apparatus 10 used for
microforming is shown 5 in Figure 1(a) and Figure 1(b). Figure 1(a)
shows an exploded perspective view of the apparatus 10. The apparatus
10 EbrhPHER BESGRIFPIOM holder 30 and a die 40. In this embodiment,
the punch 20, the holder 30 and the die 40 are cylindrical. However, it
should be I hat the e of an er shape. Figure 1(b)
shows a ((:%)rss%sﬁg:%ﬁognéoe %”%%‘?ls? %#\3@%%8 r%?%#g éfbep? iR Nhen
10t e "BiGFRSY %”Wélé@?%@@'%ﬁ@i%@‘ﬁ?e sl mibletprolyetldre Fironeedies
appasgihs it theriyrh efepesatatdnivarouss e aass demnMINE 8efrery systems
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machine may be adapted to operate the apparatus 0 carry ou
tabPE&i5 i rocedure in a more precise manner. Example operating
ranges of the servo press machine may be between 5N - 500N for punch

isload and m&%w@%%@mﬂ%wm@a&%‘%ﬁ phhE éﬁé%'éth‘?gsdb%‘?eta:

reas in accordance with the size of

pu
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fammygmﬁy@m@m #ojown-scaling of the conventional metal forming

process, both of which may be characterised by four main components, namely -
material involved, tools employed, process incorporated and sﬁachine used. The
20 material involved is a significant factor. Material related problems associated with the
down-scaling of conventional metal forming are strongly coupled with miniaiurisation
itself: (a) the microstructure, for example, is independent of the dimensions of the
process; and (b) the topography of the surface is invariant. These factors lead io the
so-called size effects in which the ratio of the dimensions of a part to parameters of
25 the microstructure, such as grain size, or surface changes with miniaturisation. All
_ these factors prevent or obstruct the application of the know-how of conventional
metal forming processes in the field of microforming.

The technical implications of microforming are that the flow stress, the vertical
30  mean anisotropy and the ductility are decreased, progressively reducing the
formability limit. Investigations have also shown that friction increases with



example, milling, electro-discharge machining (EDM), or by precision wire
cutting. 20 The die 30 may be fabricated, for example, by wirecutting to
form through-holes in the die. On the other hand, if through-holes in the

#ie wngiseequired, the die may be fabricated by EDM. Figafa/2¢)04/600374
shows a punch 220 with a conical-shaped protrusion 225 25 fabricated by
milling, in accordance with another embodiment. The surface finish of the
punch 200 was observed to be satisfagigry for consistent results, which
typically is strongly dependent upon retracting of the punch after forming

of the m cron edles (or mic tr.uc ures).. For example, a sur ace
rouaﬁ'ﬁigsusftfsur acji}egu?ﬁ? oﬁaqu{éa NSRS ?Br?g] i Reissisindgpendent in
suffibes3ap Ahgst PinGtions that have larger 30 dlmenS|ons, for example,
more than about 500 microns. For forming structures that are, for
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with another embodimernit. The punches 265 were produced wit
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of eachrdanie piintiesz265 the GRBmendimdrty Swlis, desipsittively. The
wirecutting process imposes an inherent

The punch 20 and the die 30 may be fabricated by various methaods, for
example, milling, electro-discharge machining (EDM), or by precision wire cutting.

.20 The die 30 may be fabricated, for example, by wirecutting to form through-holes in the

die. On the other hand, if through-holes in the die are not required, the die may be
fabricated by EDM.

Figure 2(a) shows a punch 220 with a conical-shaped protrusion 225

25  fabricated by milling, in accordance with another embodiment. The surface finish of

30

the punch 200 was observed to be satisfactory for consistent results, which typically
is strongly dependent upon retracting of the punch after forming of the microneedies
(or microstructures).. For example, a surface roughness (surface finish) obtained of-
conventional CNC milt finish suffices for most applications that have larger
dimensiohs, for example, more than about 500 microns. For forming structures that
are, for example, less than about 100 microns, it is observed that the average surface
roughness required is less than about 0.1 microns. Further, if a solid lubricant is used



15 finite curvature at the base of the punch 265 and hence the base of a
microneedle (not shown in Figures 2(a) to 2 (e)) due to the radius of the
wire used. Nevertheless, these radii at the outer base of the needles,
Weiemeaiveoé seen in Fig. 21 (b), strengthen the punch strud{iFe69004/000374
avoiding sharp edges. In the example embodiments, the punch (and
therefore the die) has tapered walls 20 allowing punch retraction during
microforming. Further, as a blanking orpiercing process takes place

along with forming, some degree of tapering of the walls of the punch is
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200 7619 P G2004/0 12 the metal sheet 340 during the
mlcrgo rmlr?gmr?rgoecrg%scgn(? ? Qggvnﬁr%[{]&/rm&rlﬁ? [SIOP twge?ntgpaﬁ sheet 340.

Additional clamping (not shown) of the metal sheet 340 to the fixed die
130 may RigieeesghpntbAeltteswcansiradsdhisionieiababierlia346n5 0=a5d@ively, of
preveng wam&nm@m@ﬂmﬁms&%&#%@%ﬁgw&%&ms@%m

metallic materials such 5 as steel 304, aluminium 11 and copper

(90t FeReSIaRReT 221 B-ERBER PSRRI %%W*Kh‘&fﬁ%@ﬁaﬁﬁﬁr@ cutting
affeatddhegimmnoftine i dimetsiont thidiuidB80)id sight of eeal dhtttetbenches 265
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345 shewndediigHsst2algo 2de)) due to the radlus of the wire used. Nevertheless,
these radii at the outer base of the needles, which can be seen in Fig. 21 (b),
strengthen the punch sfructure by avoiding sharp edges.
In the example embodiments, the punch (and therefore the die) has tapered walls
20 allowing punch retraction during microforming. Further, as a blanking or piercing
process takes place along with forming, some degree of tapering of the walls of the
punch is required so as to plastically deform and conform the material into the punch
shape.

25 in the above embodiments, the punch has a substantially circular cross-
section. However, a variety of shapes, for example, triangular, rectangular or
cctagonal, etc are also possible, depending on the application.

Figures 3(a}— 3(e) are a schematic representation of the process flow of
30 fabricating microneedies by microforming, according fo another example
embodiment. A metal sheet 340 is placed in between a punch array 320 and a fixed
die 330. A holder 310 is placed on top of the metal sheet 340 to prevent movement of



shown in Figure 3(b). In this embodiment, the punch 320 has an array of
conical shaped protrusions 325 and the die 330 has a negative pattern
corresponding to the conical shaped protrusions 325 on the punch 320.
THR2PEAHEN of the microneedles 15 345 formed corresponBd®/$6@004/000374
geometry of the punch 320 and the die 330. After forming the :
microneedles 345 on the metal sheet 340, the punch 320 is retracted by

the ram 350. The punch 320 may be reteacted such that the metal sheet
340 with the formed array of microneedles 345 remain on the die, as
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nuntheewatigre et ndiecisromieldieeatrtd) beinertonppeckiFaietion times
playgadnaieFlehs gt retraction in that the formed microneedles 345
may be damaged during a retraction stroke. To prevent damage of

microneedles 30 by punch retraction, a lubricant coating may be applied
10 the punéfiRbtEhisvea tabing dosrob? GO @TAS GBADBRETE Spedd,
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the [N (o LS oG el CvlS R R & racted by
givitip arraspcthranonsha?funay beatierdied sipchthhttipumetal sheel fd@with the
the Rkl array of microneedles 345 remain on the die, as shown in Figure 3(c).
Alterhatively, the punch 320 may be refracted such that the holder 310 and the metal
20  sheet 340 with the formed array of microneedies 345 remain on the punch 320, as
shown in Figure 3(d). Finally, the formed microneedles 345 can be detached from
either the punch array 320 or the fixed die 330, depending on the design and
variance of the apparatus (Figure 3(e)). It should be noted that a farger punch load
may be required for a larger microneedle array. It is observed that the increase in the
25  punch load is almost proporiionate to the number of microneedies in the microneedie
array being formed.,

Friction plays a major role in punch refraction in that the formed microneedles
345 may be damaged during a retraction stroke. To prevent damage of microneedles
30 by punch retraction, a lubricant coating may be applied to the punch (not shown).



height is roughly 1.45mm). Rounding out the tip of the punch enables a
solid 10 microneedle to be obtained without an opening or to delay the
rupture and hole expansion process. Figure 5 is an SEM micrograph of a
W2 wpeedrd® 10 formed in accordance with another embodRa&(¥62004/006374
showing the retro punching effect on a foot radius of the 15 microneedle
510, which was forcefully scratched off leaving an 'over-etched effect. The
microneedle 510 was formed using an gpproximately 0.15mm thick
aluminium sheet (99% pure) subjected to a punch (not shown) having
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microneedles to facilitate skin penetration. 30 Figures 6(a) - 6(e) is a
schematic representation of the process flow of fabricating microneedles
by microfoFiaiiie) 5de 80 rdirid micseusanbobs angheastz 200600976 kdaccordance
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sheef (99% pure) subjected fo a punch (not shown) having dimensions of about
0.5mm in base diameter and about 1mm in height. A sirip spanning the base of the
inner surface of the microneedie 510 was a burr-like artefact generated and

20  accumulated during grinding process. The formed microneedle 510 was then retro
punched by a female punch (not shown), which essentially was a tapered cavity. The
retro punching step significantly reduces the foot radius of the microneedie 510, and
hence resulting in the microneedie 510 having an aspect ratio about 1.4. . Despite
this considerable reduction in dimensions, the thickness of the microneedle 510 is

25  sufficiently large fo sustain mechanical load during handling and skin penetration.
This also illustrates how microformed microneedles can be further patterned on their
lateral surfaces to facilitate skin penetration. For example, corrugated fine lines or
other patterns that sharpens the microneedles may be formed or engraved onto an
outer surface of each of the microneedies to facilitate skin penetration.

30

Figures 6(a) — 6(e) is a schematic representation of the process flow of

fabricating microneedies by microforming, according to another example



polymers, such as, High Density Polyethylene (HOPE), Polypropylene

(PP), Teflon 5 (Polytetrafluoroethylene, PTFE), Polyethylene terephthalate
(PET), etc., which are usually stronger and more resistant to dissolution
228046571 by heat compared to amorphous polymers. It BABSIEtE /000374
appreciated that the material used for the deformable die 630 should
recover partially or substantially after being pierced by the punch 620 to
enable the deformable die 630 to be regysed. The deformable die 630 10
allows continuous flow of material as the punch 620 advances, thus
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The unch 620 is lowered and'is pressed

o RN RRDIE IO QDR MR Ba TR e e ithare
timeyshaiylefongetisiaddimBledsipircatcdojutios puhebiieababylHeshtempared to
Caviﬂ%r%ﬁas%@md{@amam% BpSRtR-aktBembaReAY e5La8or the

proth §|0ns u# W&'\ﬁﬁg co%gr Tr}teammr/%%ﬁ%uﬁfaa hle%rgacméﬁgﬁ Stled by the

stoppe S Hicfonee

the ﬂ}t@ﬁé@ﬂﬁféﬁﬁﬁél@dt&de%reaﬁ%@o@a&ée feoedithes tefoponda @2@30
101 thaskeienmaiveus Fovb3thateasDisgHe PSR drrgital) thus panestidde

cas LIRNAY Aldaadoimed Sy anssaies iR deoRdsanng s

pressure roperties of the' 25 o%?erlc use

defdrRTaRAEd - %’Wﬁéﬁﬂ daTgtEst Habic Altctgrdiivealieshaes of the

are fooneibpeHaore tittypumtihe e faredatokh d B3 théhedeltosabB5dshéiBborior

andgecavehadiliciently to enable the deformable die 630 to be re- used.

This is due to the nature of the material used for the deformable die 630.
igures 7(a) - 7(e) are a schematic representation of a process flow of 30

fabrigaaipinahi6asheew hescogted witieraviitubteurtfiog cxasmietier-€xEraplench
embgndin iteled bit epROdEneRkiHeRE itkiticated PIHAEBIE A e deformable
presdslg %ﬁ%gﬁtown in Figure 6(b). At the same time, the deformable die 630 is pierced
by the punch 620 and forms cavities 635 corresponding fo the negative of the shape
20 of the protrusions 625 on the punch 620. The movement of the punch 620 is stopped
when full length of the microneedles 645 is achieved. Similarly, the formed
microneedles 645 can be detached from either the punch 620 or the deformable die
630 according to process design and variance. The ease of removal of the formed
microneedles 645 depends on the forming pressure and the properties of the
25  polymeric materiaf used for the deformable die.630 and the metal sheet 640.
Although the cavities 635 are formed permanently in the deformable die 630, the
cavities 635 shrink and recover sufficiently to enable the deformable die 630 to be re-
used. This is due to the nature of the material used for the deformable die 630,
Figures 7(a) — 7{e) are a schematic representation of a process flow of
30 fabricating microneedles by microforming, according to another example
embodiment. In this embodiment, the solid-lubricated punch 720 is pressed against
the metal sheet 740 that is disposed on the polymeric deformable die 730. After



the metal sheet 740 that is disposed on the polymeric deformable die 730.
After WO 2006/057619 PCT/SG2004/000374 15 achieving the full length

of the microneedles 745, the punch 720 is further advanced, by applying
sdeliioerad ressure to stamp out the formed microneedle arr&yg 7/382Aremoo374
the rest of the metal sheet 740, shown in Figures 7(c) and 7(d). The

formed microneedle array 748 may be attached to the retracted punch

720 (Figure 7(c)) or 5, remain on the dgformable die 730 (Figure 7(d)),
depending on process design and variance, and removed accordingly to
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thickness akihe sheet of material used for forming the microneedles. It is
also observed that a counteractive support on the sheet of material

delays premature failure of the microneedles during the forming process.
In generalltiie hssrypdErobiiaiiae solpmrtigtetidyeicait pPeyircanyealipnal metal
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both thin and thick material sheets strictly conformed to the punch

‘ geoﬁ%'ﬁﬂvfﬁﬁ ﬁ‘%‘%%mﬁ&rﬁﬁngm%%ﬁmﬁetﬁécﬁ[?ﬁ%FPE‘HH‘%RE“?ﬁé‘P@FF&@ by
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Bhnat &dd g" (o tolt may 57 provi &t by t l'na%("formable
- die egmnf;@gijefgr ibisariaplebsesvad deplreepitnigractive support on the sheet of material
delays premature faiture of the microneedies during the forming process. In general, it
was observed that a thin material sheet resulted in an improved shape conformance |
to the punch geometry at the outer surface of the microneedies, compared ic a
20  thicker sheet of material, although both thin and thick material sheets strictly
conformed to the punch geometry at the contacting surface between the punch and
the material sheet during microforming. Generally, the material sheet is considered as
thin if the thickness of the material sheet is about 5-10 times smaller than the height
of the punch . .

25 A constant counteractive support on the material sheet during microforming
may be provided by the deformable die 630, 730, for example, as described in the
example embodiment in Figures 6(a) - 6{e) and Figures 7(a) — 7(e). Figure 8(a)
shows a SEM micrograph of an example embodiment of the microneedie 850 formed
using an approximately 0.2rmm thick aluminium sheet (1100) using a punch (not

30  shown) with an aspect ratio equal fo approximately 3 (without retracting the punch).
Figure. 8(b) is a magnified photograph of the microneedle 850, with the approximate
dimensions indicated. A solid lubricant, such as a diamond-like carbon coating, for



example embodiment in Figures 6(a) - 6(e) and Figures 7(a)- 7(e). Figure
8(a) shows a SEM micrograph of an example embodiment of the
microneedle 850 formed using an approximately 0.2mm thick aluminium
Ste2096180ePusing a punch (not 30 shown) with an aspect raticr sgag4o00374
approximately 3 (without retracting the punch). Figure. 8(b) is a magnified
photograph of the microneedle 850, with the approximate dimensions
indicated. A solid lubricant, such as a digmond-like carbon coating, for
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1dfor example, at pressures that are about 10%-50% of the forming
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miC@mgme@@aﬁh%ﬁbmm@amﬁpﬂméwmlﬁmoé@od%@weﬁéod@nel@ and

%W‘a B%%ﬂlﬁatv‘i?'ﬁq Fﬁrﬂ‘f{. gl%Q{%‘ﬁf'&b”ﬁ%"“?E‘Js‘%ﬁ;%%?d?formame
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are P@Hﬁl?@ﬂ digr(not shown). it was observed that the arrays of microneedles 920 930 -

exhibit the superior capability of a deformable die as compared with a rigid die, which
requires high fabrication costs especially when a large array of such unit dies with
complex geometry are required.

20

Size effects originate from the fact that a material's microstructure does not

change when the work piece is scaled down. The microsfructure of the sheet material
used for microforming microneedles was examined at different locations of a
specimen, namely at the waist (middle of height) of the microneedle where exiensive

25  stretching was experienced, and at the base area far from the microneedie where no
deformation was experienced. Observation of grain sizes of deformed and un-
deformed areas implies that such deformation can be carried out without causing
significant changes in the microstructure of the material, which has a typical average
grain size in the region of fens of nanometers. The thickness of material used for

30 forming the microneedies plays a vital role in obfaining microneedles with high aspect
ratios. For example, using a very thick sheet of material, e.g. ratio of the punch height

to the thickness of the material of less than about 4, will not form weli-defined



Size effects originate from the fact that a material's microstructure does

not change when the work piece is scaled down. The microstructure of

the sheet material used for microforming microneedles was examined at
Wie@atfgéttions of a specimen, namely at the waist (middBCGTIERIHE) 00874
the microneedle where extensive 25 stretching was experienced, and at

the base area far from the microneedle where no deformation was
experienced. Observation of grain sizeg;of deformed and un- deformed
areas implies that such deformation can be carried out without causing
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mm{@snp%ecgvely, of the microneedle 1120 formed with the punch {not shown) having an

aspect ratio of about 2 and an approximately 1 mm base. A burr-like fin 1125 at the
20  bottom of the cross section was due to grinding. Figures 12(a) and 12(b) show the
perspective view and cross-sectional view, respectively, of the microneedle 1220
formed with the punch {not shown) with an approximately 0.5mm base diameter and
approximately 1mm in height (i.e. aspect ratio of approximately 2). The tip (apex) of
the microneedie 1220 and the average wall thickness are roughly in the range of 20-

25 30 and 15-30 microns, respeciively.

The requirement of a thinner material sheet for making smaller microneedies
imposes a lower limit on the wall thickness of the formed microneedies as the wall
thickness of the formed needles may be reduced to between half and one fifth of the

30 original blank thickness, making the needles unsuitable for practical purposes. If the
required microneedle size is very small, e.g. less than about 150 microns in base
dimensions, the optimum materiai thickness required is very thin. This results in a soft



1020 was reduced to approximately more than half of the original sheet
thickness 1024. Figures 11(a) and 11(b) show the perspective view and
cross-sectional view, respectively, of the microneedle 1120 formed with

WE pimdh7tmdt shown) having an aspect ratio of about 2 andPam/SG2004/000374
approximately 1 mm base. A burr-like fin 1125 at the 20 bottom of the

cross section was due to grinding. Figures 12(a) and 12(b) show the
perspective view and cross-sectional vigw, respectively, of the

microneedle 1220 formed with the punch (not shown) with an
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layergf pluipinadhintissbarekmhe, iR ransnaiyto fabricate an array of

%jnicroneedles array may be to use a single punch (not shown) repeatedly
o form each needle in the array separately on a 10 material sheet.

Figures 1@ @) bbby Ry eraigriredeaar dd 26 dhistfiermed
viewsyragpeatpelyn afrais erarsiteerakodine st pidhatmicienerdieanay 1.5,
These punch arrays were wirecut with three passes to ensure a satisfactory surface
finish, and coated with solid lubricant of about 2micron thickness. Each of the
20  microneedies 1420, 1430 has a base diameter of approximately 0.5mm, and the
height of the microneedles is about 0.5mm for the 2x2 microneedle array 1420
{Figure 'iﬁ(a)) and about 0.75mm for the 3x3 microneedle array 1430, respectively.
The thickness of the aluminium sheet (1100) used for forming the microneedie arrays
1420, 1430 was about 50 microns in thickness. The final wall thickness of the
25 microneedles 1425, 1435 were between about 8 to 20 microns. The final wall
thickness may be increased further by ancdising, or electroplating/depositing the
outer surface of the microneedles 1425, 1435 with nickei or other metatlic/non-
- metallic materials, including e.g. polymeric materials. Further, both sides of the
microneedle arrays 1420, 1430 may be anodised with a layer of aluminium oxide to
" 30 . -harden the microneedie arrays 1420, 1430. After anodising the microneedle arrays
1420, 1430 in oxalic acid 5% for 3 minutes at a constant voltage of 45V (effective
area of roughly 10x10 mm?), the wall thickness of the microneedles 1425, 1435 was



1320 formed using a single punch (not shown). It is observed that no
significant deformation takes place around the microneedle, thus,

adjacent microneedles 1325 may be formed in close proximity to another
A AeT0IB1FIgure 14(a) and 14(b) show example microneedi€TAsfz2984/000374
1420, 1430 formed by wirecut punch arrays (not shown) that have aspect
ratios ranging from 1 to 1.5. These punch arrays were wirecut with three
passes to ensure a satisfactory surfacggfinish, and coated with solid
lubricant of about 2micron thickness. Each of the 20 microneedles 1420,

1430 hassarsie SRRYEHRFGRPEPXINAEHLARER F@“u?jeg‘%ﬁ&ig%@%s{zm

microneedles is abqut 0.5mm for the 2x2 microneedle arr% 0 (t igure
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surfagecattie miamnreasdissdbéd ThelAast witdr nkefonhiather metallic/non-
metallic materials, including e.g. polymeric materials. Further, both sides
of the microneedle arrays 1420, 1430 may be anodised with a layer of
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e e R A T TR & e tatin o
micFRSelaeBPPdRTrRiH e SFAMBIB HittrBeRieic! Gty §RBes NG AT thaplatform
obsefrirechileedritaadie arrays (not shown) are strong enough to sustain handling and
distorting forces during skin penetratién. Itis noted that the microneedie 1630 in
Figure 16(b) has a much larger outer foot radius than the microneedle 1620 in Figure
20 16(a). This is due {o greater thickness of the aluminium sheet (i.e. 130 microns) used
in forming the microneedie 1630 in Figure 16(b) and causes a reduction of about

40% in the aspect rafio of the microneedle 1630.

Both solid and hollow microneedies may be fabricated using an almost similar
25  experimental set-up and materials described in the above embodiments. By
controlling the sharpness of the punches at the tip, microneedles may be made solid
(without creating a hole during the punch stroke} or hollow (creating and expanding a
hole at the tip of punch during punch stroke). The only process variance in yielding
solid and holiow microneedles is the sharpness of the punch tip, The fip sharpness of
30 the punch is strictly dependent upon the relative thickness of the metal sheet. Thus, a
particular punch tip may be sharp enough for a relatively thick metal sheet but may be
too blunt for the same material having a smaller thickness. It is quite siraightforward



microneedle base was subjected to the most deformation, and the tip of

the microneedle 1550 was displaced the most after microforming. In
another embodiment, an aluminium sheet of about 0.2mm was electro 10
Pohsted@Io P mixture of perchloric acid (30%) and methanol R§Urelbuseers74
on aratio of 1:4. A constant voltage of 12.5V was applied for a length of
time to obtain a desired thickness of the aluminium sheet. A thickness of
85 microns and a thickness of 130 miggons were obtained after
electropolishing for 9 and 14 minutes, respectively, after which the
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Cra%ioo %”tﬁ)é] ZF prﬂr?ctﬁ“qjayq%% An inner surface of each of the microneedles

1850 is coated by an electropiating process such-as nickel plating. A protruding

20 surface 1860 is coated with epoxy 1855 to prevent nickel-plating on an outer surface
of the microneedles 1850. The punched microneedle array 1840 was then
electropiated in a nickel chloride sclution (industrial grade) for 12 hours at constant
current 0.08A, forming a layer of nickel plating 1858, on the inner sutface of the
microneedles 1850, as shown in Figure 18(c) and 18(d). Figure 19(a) shows the well-

25 - defined microneedle array 1920 formed in accordance with the embodiment in
Figures 18(a) to 18(d). The microneedle array 1920 is slightly bent outward to
facilitate skin scratching. Figure 19(b) shows various example anodised microneedle

L

© arrays e.g. 1922, showing differences in thickness, in which the darker greyscale
indicates increased thickness.

- - 30

Figures 20(a) to 20(c) show three modes of failure, namely a cap mode, a
crown mode and a crater mode, respeciively, of the microneedies fabricated by



during the forming stroke, thereby forming solid microneedles.

Conversely, hollow microneedles require sharpened tips to create holes

or cracks at an early stage of the forming stroke, which expand
Wwodwea s #long the stroke of the punch, resulting in 5 unifoPEiEGsEMRGS0374
at the tip. This hole-creation-and-expansion mechanism is in accordance
with the third failure mode, or the crater mode. Figure 17(a) -17(c) are

SEM micrographs of example hollow migroneedles fabricated using

different thicknesses of aluminium sheet and punch geometry. Figure

17(% gl%? eﬁ'\%l 6 ¢ 'r‘éﬁBPee% S R r’B s;t% Irv]v% aréo Hé]c(i( takes
Ak Sl B i

(nots own ving spectratloo mm thick alumini

Sheg{ac;el @P@m@f'fg (Q\fﬂ%‘?\'ﬁ@% J%%am@ém@ i3 Bs0smtRGGEN necking
mlctambqﬂm sipHerade WiglwitHefo)reddric(ieisikgland thewrasidsabsequently

isorg gt@wmraﬁ%%m%xy RiAhR P HeMiPIE RO RE A d 2 IR W inicar
a punch (not show S'%Mavmg an aggect ratio of 2. 15 Flgures 18(a) to

)
ol B B 20 B g oo falte s
micreneed maﬂﬁmrmmm@meMﬁtmmmn@mQMme RubFeEed to the tip of

m'%ﬁé‘@@ﬁ'{'ﬁ%&%ﬁb@fﬂ %Eﬂiﬁ@%&hér@!Bﬁ@éﬁ%ﬂ&ﬂ/&@%%@@tm%mugh
aluminium sc}]te%tl 1840 with é%?f )84ap JE % m&er surfac:‘g-:-t
eachotthe mlcrc? e Ts c':oa %)n 8162 rQoo Irah process

sucﬁ“é@%bﬂlﬂ%l‘&ﬁ'ﬁﬁ?sﬂﬂﬁ@ﬁﬁ& ﬁg%_%ﬁ&lfé@@@%-@d&é@%ﬁpaﬁwﬁ
101 85&0tupreve manc kakplagngrasidacesistise Fageneddkraomisaraediess the

L850 Hhe punhed micrenasil aH@sVz]géfor A28 AiRttipRelbia

nick solutlon |ndustr| ours at constant™ current

0. o@ﬁfaFBFfﬂW%"?é%rL&PHYcﬁéﬂ P &&%%U%'%Mﬁ&xga%%%wﬁ%‘; where
miceomde @ es:aBE0nitesishpihe pufdh el E8{ckqnenid Epdridpdesli@éahunch

Sho%éh@e‘é’ﬁ*h%%@ﬂ@@eﬂ’d%&&ﬂ@ rﬁd%ﬂ‘ﬁ@?&ﬂd@r@ﬁ@@%@%ﬁ the
WI'[ mbodiment, in F| res 1 The micr arra
181600 8 SR B EAT 7 @2& AP o A o eed i
shotis W@ﬁ@@féﬁi‘p&%%ﬁﬁﬂi%@%@@ﬂ?@dt@@me g. 1922, showing

differences in thickness, in which the darker greyscale indicates

increased th{ﬁel:( g‘)%ssir%pl?é embodiments, microforming is used to form microneedles. it

should be appreciated that microstructures of other shapes may also be produced in
20 different embodiments.

Using microforming to produce microneedles substantiaily reduces the
production time and cost of such microneedle arrays, thereby making the technology
feasible for commercialisation.

25

Further, embodiments described hereinbefore enable hollow or solid
microstructures that have a wide range of lengths and aspect ratios to be
raicroformed such is currently a limiting factor for certain technologies, e.g. silicon
technologies. For example, microneedles having a variety of aspect ratios may be

30 obtained by increasing the taper of the punch in conjunction with using an
appropriate thickness of metal sheet.



Figures 20(a) to 20(c) show three modes of failure, namely a cap mode, a
crown mode and a crater mode, respectively, of the microneedles

fabricated by WO 2006/057619 PCT/SG2004/000374 21 microforming.
PHe28p08Gbfailure mode depends on the position where necRgty$6ReE/000374
place in the material (overworked). The cap mode failure is generated

when necking takes place at the side wall of the formed microneedles,

and the crack subsequently propagatescircumferentially forming a
hemispheric lid 2010 attached to the conical 5 microneedle, as shown in

Figure 20(91)0;9{5&%@% AR CONUIHRAR Br RHLHR SR aRPHTESL Bitn

radial progpagation of cracks generated in the region subjected to the tip of
the BRIRBITGHER S5, BhHARE eRLIRLT GRS RIGRRooeF UL BMJPIIAG,
enotigimisgmpamitgrindingu ietiesirtiibaslectieiotatisgLtypical ratio of the
thickness of the material sheet with respect to the punch size for the
rown-type failure to occur is 10 abopt 10 or more. The fragmented faces
ng the mic%%%éléo %Fo ’gﬁegﬁ?ﬁbar?:ﬂyasg én%?'éf)ccf@?pe)cr’ogagéfg,eforming sharp
edg@sipatelapiise d{s) atiieRicaie psHissrobiiateismpasdiepiesed or to
Lastiyiiberapatee-thpgdathats isf thbeleo@xpansian process where a hole is
created initially by the punch and subsequently expanded as the punch
advances. This mode yields relatively sharp and smooth circumference
2030 at thEPEPHfFetEehiierdnRe Al B SPRIRA ihatighirmiTetiycses. including
10cratepucle-faiiopenisniseskihintmicforpsiBors tdhobngieaividTeedibslzasical and
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shol RSP HES KRS ST S M RESRBBUREHS: Using

microforming to produce microneedles substantially reduces the

productionttienpaRgseshrldsich seistANRALleIR Ry theT AR NerRns
techn g f siple for cqmmer. i Ii§ﬁlti .25 Further, embodiments .
15 o ua e M DRI e ISRien ISR spconc
embodiments without departing from the spirit or scope of the invention as broadly
defined. The present embodiments are, therefore, to be considered in all respects to

be illustrafive and not restrictive.

20



microstructures that have a wide range of lengths and aspect ratios to be
microformed such is currently a limiting factor for certain technologies, e.g.
silicon technologies. For example, microneedles having a variety of
Agpeetsreiivt’may be 30 obtained by increasing the taper of tHeT[s0M #0374
conjunction with using an appropriate thickness of metal sheet. WO
2006/057619 PCT/SG2004/000374 22 Microforming also enables the
fabrication of microneedle arrays with ggmplicated geometry by way of
post fabricating processes such as forming, trimming, carving, grinding,
hole:¢iliiag, electroforming, etc. 5 Additional processes may be
incorporated to further manipulate/optimise the mechanical properties of
the microneedles formed or to further improve the geometry of the
microneedles. The present invention may also be applied to other

micostruckUiRShda@HRiRED[dithmE ambers) 6PPIBRIE N HSeEbfprising:
é“'?ro'.SyStaeévéntrﬁ.%‘Q?;' FRAMRaand slecical and elecionic modules,
which include f carriers, micro-screws, rasteners, frames,

ins’fo
Spriﬁﬁ@?‘i%ﬁ?&gﬁ?@‘é@ﬁémﬁ 8eR dierads arries, rpat Jaifeferm the sheet
appséniatadhbiyita pessesskitieg mithastartithat numerous variations 15

and/or mogificatignsimay e Maded h G aLesaRLiBNanionas shewn in
the specific embodiments without departing from the spirit or scoge of the

1 ( g
invention RYHTARIK)° FBRAEY. MeierBredb e ABEARM R fre R femidhe
10be evlasidEmiddsteltkaspoottheostsetibiisteétiiab and not restrictive. 20 WO
2006/057619 PCTISG2004/000374 23 CLAIMS 1. A method of

microforming an array of micrgstructures comprising:.5 advancing a punch
5. lﬂ‘% me%og‘yaf ciaameg [} glalz?? w%ere{\ f?!e ﬂ‘I%CI‘OS UG uresgco prijge
having an array of profrusions towards a sheet of matéria

microneedles.

15 3. The method as claimed in claims 1 or 2, further comprising providing a
substantially constart counteractive support on the sheet of material in areas of the

respective microstructures during microforming.

4. The method as claimed in claim 3, wherein the substantially constant
20  counteractive support is provided by the die.

5. The method as claimed in claim 4, wherein the die is a deformable die.

8. The method as claimed in any one of the preceding claims, wherein an aspect

25 ratfio of the punch is chosen such that for a given thickness of the sheet of material,
plane stress is reduced or avoided in the sheet of material during forming of the
microsfructures.

7. The method as claimed in any one of the preceding claims, wherein each
30  microstructure is formed with a solid tip.



disposed between the punch and a die, each protrusion shaped to deform
the sheet of material into a corresponding microstructure; providing a
holder for holding the sheet of material in place; and punching the sheet of
material with the protrusions on the punch to form the 10 array of
microstructures on the sheet of materia4. 2. The method as claimed in
claim 1, wherein the microstructures comprise microneedles. 15 3. The

meghod Q$Mﬁ@%@a§'@iﬁ?ﬁé@f@aﬁ&'@h@%%@%@iﬂ%FE{QMI@F&@ o
substantially ¢ nséant.cc;unter ct eshu ortont esh?et of material in
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method as claimed in claim 3, wherein the substantially constant 20
cowgteractive sy bis qupvided binithe dithadreihlBanethad@sotkpierteddan
claim 4, i die i le di e i i
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Ing clal
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stresisrisfoeduegdvbe@uoided in the sheet of material during forming of the

microstructures. 7. The method as clai [ .one_of 1 i
claims, Wﬁ%gr(gpnéga%ﬂc% krﬁllf:é)(s)% Uic @é@?g ?ﬁrﬁ%%'%ﬁﬁq?gé%%ﬁ% {%%4%4@ %‘fsuﬁ
ThE"RRPRIMES AEIRSP iR’ 2AGHHAIERS BlGR-ESSwherein each

microstructure is formed with a hole at a tip thereof. 9. The method as

claiped in.glaim gouhersin ine unvaluie ohDe i ol SRt OIS, ¢ mase
protrusions of the punch'is chosen such thattor aﬁ?lven ICKness™ of the
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microforming, wherein said hole or crack subsequently expand during

micyoformifg AehIRRLL o3 ABLPEIRY FbINRURA RAGHRE B comprises
microstructures. , ,
semi-crystalline polymeric materials.

12.  The method as claimed in claims 10 or 11, wherein the deformable die
is made of a material selected from the group consisting of: High Density
Polyethyiene (HOPE), Polypropylene (PP}, Teflon (Polytetrafluoroethyiene,
PTFE), and Polyethylene terephthaiate (PET).

13.  The method as claimed in any one of the preceding claims, further
comprising applying a solid lubricant to the punch.

14, The method as claimed in claim 13, wherein the solid lubricant comprise
a terahedral-amorphous carbon (Ta-C) coating.

15.  The method as claimed in any one of the preceding claims, further
comprising coating on an inner surface of each of the microstructures for
hardening the microstructures.

16.  The method as claimed in claim 15, wherein the step of coating
comprises an electroplating process.



10. The method as claimed in claim 5, wherein the deformable die is

made from a material that recovers at least partially after deformation. 11.
The method as claimed in claim 10, wherein the material comprises
semmsosystalbne polymeric materials. 12. The method as claimedsoxiaimss7s
10 or 11, wherein the deformable die is made of a material selected from
the group-consisting of: High Density Polyethylene (HOPE),

Polypropylene (PP), Teflon (Polytetrafhsproethylene, PTFE), and
Polyethylene terephthalate (PET). 13. The method as claimed in any one

of the preceding claims, further comprising applying a solid lubricant to

the punch. 14. The method as claimed in claim 13, wherein the solid

lubA@ant coinFriBod e Aaeaddn slRiBrpRouBesaibie elackopledaamicess

Tha:peihas aglebapRgaagn any one of the preceding claims, further
comprising coating on an inner surface of each of the microstructures for

hardening the microstructures. 16. The method as claimed in claim 15,

Swhdbin tHE Bprtsatinebinprieaesf e araadindspratettetihe sheet
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claim g ek '@rt(gg%pctroplating process comprises nickel plating. 5
18. The method as claimed in any one of the preceding claims, wherein

the sheet of material is a metallic material chosen from the group
condsting/of apaashteg kpRMILIHIONIIND ame ey sH EN¢ISIBICtIgs Aprapisigitus

1gfor microferpuinh daviiEsh i @ostvedises comprising; 10 a punch
~ having anaarrg.yagf protrusions; a die; and a holder for holding a sheet of

material in place during microforming, o ]
a holder for holding a sheet of material in place during microforming,

wherein each protrusion is shaped to deform the sheet of material infc a
corresponding microstructure; and wherein the sheet of matetial is punched with the
15  array of profrusions to form the array of microstructures.

20.  The method as claimed in claim 19, wherein the microstructures comprise

microneedles.

20 21. The apparatus as claimed in claims 19 or 20, wherein a substantiafly constant
counteractive support is provided to the sheet of material in areas of the respective

microsiructures during microforming.

22,  The apparatus as claimed in claim 16, whersin the substantially constant
25 counteractive suppott is provided by the die.

23.  The apparatus as claimed in claim 22, wherein the die is a deformable die.

24,  The apparatus as claimed in any one of claims 19 fo 23, wherein an aspect

30  ratio of the punch is chosen such that for a given thickness of the sheet of material,
plane stress is reduced or avoided in the sheet of material during forming of the
microsiructures.



wherein each protrusion is shaped to deform the sheet of material into a
corresponding microstructure; and wherein the sheet of material is
punched with the 15 array of protrusions to form the array of
microstructures. 20. The method as claimed in claim 19, wherein the
microstructures comprise microneedf#s. 20 21. The apparatus as claimed
in claims 19 or 20, wherein a substantially constant counteractive support
is provided to the sheet of material in areas of the respective

migkostructfgs.duing Tialaning, 28, the apagralinas SaiNRa L),
claim 16, wherel t?me‘substan 1ally cons¥ant counteractive 'support is
préAdemisyosie aidres fareegdpytiyatealiddielaimed in claim 22, wherein
the die is a deformable die. 24. The apparatus as claimed in any one of

claims 19 to 23, wherein an aspect 30 ratio of the punch is chosen such

thagdor a gimen thickngrssAf theshest fyaatedabiplane siess innediced

or avoided in the sheet of material during forming of the microstructures.
26598 TIOR8 RIS A AR5 BHe B LISIFR 19 to 23, wherein

each microstructure is formed with a solid tip. 26. The apparatus as
clajmed imny-RReAlCIAINE Ao Ian B eithR BRIt RaI LRSHIEABEIR tip of
formed with angle at a.tin EQereSfcr??- Jh%eé‘rPEaéﬁ%% 3,claimed in Glaim,
26 herein the curvature o %ie ﬂp of €ach of the pro}rusmﬁs 0 ttﬁe

puAtiesstiesehraaiaiaha foleachivarkiferesicH Al SReditrsRdrial, a
holeienesaskgreesested at an early stage of microforming, wherein said

hole or clagh YRR BRI A B NICLAIAING AR RS o Bl

opening at the tip : e micréstructures. 28. The apparatus as
clamHareAamPY SRR bRt bibR MRIBR ER“$Smade from a material

that recovers at least partially after deformation.
28.  The apparatus as claimed in claim 23, wherein the deformable die is
made from a material that recovers at least partially after deformation.

29,  The apparatus as claimed in claim 28, wherein the material comprises
semi-crystalline polymeric materials,

30.  The apparatus as claimed in claims 28 or 29, wherein the deformable
die is made of a material selected from the group consisting of. High Density
Polyethylene (HOPE), Polypropylene (PP), Teflon (Polytetrafiuoroethylene,
PTFE), and Polyethylene terephthalate (PET).

31.  The apparatus as claimed in any one of claims 18 to 30, wherein a
solid lubricant is applied to the punch.

32.  The apparatus as claimed in claim 31, wherein the solid lubricant
comprise a terahedral-amorphous carbon (Ta-C) coating.

33.  The apparatus as claimed in any one of claims 19 to 32, further
comprising means for applying a ceating on an inner surface of each of the
microstructures for hardening the microstructures.



29. The apparatus as claimed in claim 28, wherein the material comprises
semi-crystalline polymeric materials. 30. The apparatus as claimed in

claims 28 or 29, wherein the deformable die is made of a material
SN IO the group consisting of: High Density PolyethiERE GRIOHEY3 74
Polypropylene (PP), Teflon (Polytetrafiuoroethylene, PTFE), and
Polyethylene terephthalate (PET). 31. The apparatus as claimed in any

one of claims 19 to 30, wherein a solid#ubricant is applied to the punch.

32. The apparatus as claimed in claim 31, wherein the solid lubricant
comprise a terahedral-amorphous carbon (Ta-C) coating. 33. The

apparatus_as claimed in any.one of claims 19 to 32, further comprisin
meads for LRI 8 SR g Br A SRREP S e e oot an
micrbtpelaYes pErREFdening the microstructures. WO 2006/057619
PCT/SG2004/000374 27 34. The apparatus as claimed in claim 33,

hefgin t in L troplating process, . The
S oraranus e S BEHRER T SR or AHOR Bt toul Brocess
confIMEsESAENEhRIFHTY- 36. The apparatus as claimed in any one of

claims 19 to 35, wherein the sheet of material is a metallic material

gggﬁg{l (fgometaspgt;%e SOBBIMEOENIER R IMENUY 1 951 HEr8dne sheet of

0,
aterla% é?)é metallic material chosen from the group consisting of: steel, aluminium
10 1100 and copper (99%).



