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Microcontact Printing and Electroplating on
Curved Substrates: Production of Free-Standing
Three-Dimensional Metallic Microstructures®+

By John A. Rogers, Rebecca J. Jackman, and
George M. Whitesides*

Microelectromechanical systems (MEMS) oftcn require
three-dimensional parts with micrometer-sized features.
Currently, mechanical or laser mictomachining tools!" or
multistep planar lithographic schemes are used to construet
thesc parts. In this communication, we describe a conveni-
ent means for fabricating three-dimensional microstruc-
tures, The method begius with the generation of thin pat-
terns of metal produced by microcontact printing (WCP)!
on curved substrates. Electrodeposition increases the thick-
ness and rigidity of these structures,”! and removal of the
substrate results in free-standing, three-dimensional ob-
jects. We demonstrate this method through the fabrication
of structures whose dimensions and mechanicai properties
are appropriate for micro-coil springs and medical devices
known as coronary stents. Stents arc small expandable tu-
bular structures that are used to hold open anatomical
structures and they are increasingly used to prevent blood
vesscls from collapsing after balloon angiop]asty.m

Figure 1 summarizes the sequence of fabrication for mi-
crostructures with the geometries of micro-coil springs and
coronary stents. We first coated all sides of glass evlinders
{Kimble Products, KIMAX-51, outer diameler ~1.60 mm
for the stents, and Polymicro Technologies, outer diameter
~134 pm for the micro-coil springs) with titanium (-25 A)
and silver (~500 A} using an electron beam evaporator and
a system of mcchanical rotation stages”™” nCP was lhen
used to pattern the surface of these eylinders with a self-
assembled monolaver of hexadecanethiolate.™”! In uCP,
contact of an ‘inked’ elastomeric stamp with a substrate
transfers ink from the stamp to the substrate. We printed
the entire outer surface of our cylinders by rolling them
over a stamp inked with a solution of hexadecanethiol. The
stamping process was contrelled with an arrangement of
precision rotation and translation stages.]
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Fig. 1. Scheme for fabricating a stent using Microcentact Printing {pCP).
Glass cylinders were coated with titanium (25 A) and silver (~300 A) using
an eleciron beam evaporator. pCP of hexadecanethiol onto the cylinder
creuled o menolayer resist with the geometry of the stamp. A selective wot
chemical elch removed silver not prolected by the monolayer. Immersion of
the patterned cylinder in 1 % HF removed exposed titanium. Electrodeposi-
tion of silver inereased the thickness of the sitver by a few hundred microns.
Removal of the glass substrate using concentrated HF produced a nigid,
free-standing structure made of silver.

For this work, stamps for pCP were formed by casting and
cuting PDMS against patierns in photoresist produced
using photolithography. An amplitude mask designed using
a personal computer, and printed with a commercially
available high-resolution printer was used for the pholo-
lithography.® The mask for the coil springs consisted of
50 pm lines separated by a distance of 50 um. During print-
ing, we sct the angle between these lines and the axis of the
cylinder so that a single rotation of the cylinder over the
stamp generated a continuous helical spiral on the cylinder.
Figure 2 shows the design for the mask used for producing
structures with the geometry of the Johnson and Johnson
Palmaz-Schalz stent.

Placing the printed cylinders into a wet chemical etch
(0.001 M K Fe(CN)s, 0.01 M K Fe(CN)g, 0.1 M NayS,;05)
for ~20 s removed silver not protected by the hexadecane-
thiolate.”! We used 1% HF (~10 s) to remove titanium cx-
posed by removing the silver. The result of these two etch-
ing steps were glass cylinders patterned with silver and tita-
nium in a geometry determined by the computer-generated
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Fig. 2. Wegative illustration of the amplitude photomask wsed to form the
stamps for producing structures with the dimensions of a Palmas Schatz cor-
onary stent. The hines are 20 Lm wide and correspond to raised regivas of
the stamp formed by this procedure. Lines extending from the top and the
bottom parts of this pattern were used for electsical connection during the
electrodeposition step, and were laler removed with a razor blade.

bv as much as a few hundred microns by electroplating sil-
ver, using a commercially available plating bath (Technic
Inc., Techni-Silver E2). at a current densily of ~20 mA/cm®
for -1 h. Placing the electroplated samples into concen-
trated HF removed the glass support, and yielded rigid,
free-standing metallic microsiructures.

Figure 3 shows a micro-coil spring formed using the pro-
cedure outlined in Figure 1 in undeformed and in elastically
and inelastically deformed states. We could elastically
stretch these springs by more than 100 %. Figure 4 shows a
structure with the dimensions of a coronary stent. The upper
frame shows the unexpanded structure, and the lower frame
shows the structure alter ~250% expansion in diameter.
The structure was expanded by inserting a balloon used for
angioplasty into its center and inflating this balloon. The
percentage change of the diameter of a stent with an in-
lated balloon in place and the diameter alter the balloon is
deflated is known as the recoil. The recoil of our structure
was 3.520.5%. Commercially available stents have re-
coils between 3 and 10 %. The mechanical resistance to
compression of our expanded structure is similat to that of
the Johnsan and Johnson Palmaz—Schatz coronary stent. !
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Fig. 3. Undeformed (A), elastically deformed {B), and inelastically de-
forined (C) micro-coil springs generated by cleetroplating silver onta silver
micro-coils formed on glass capillaries with WCP. The glass was removed with
concentrated HI7after elecirodeposition.

Although measurements on our struciure show that its
mechanical properties are suitable [or applications as a
stent, functional stents must be fabricated from a hiocom-
pulible metal. Most commercially available stents are made
of stainless steel. nitinol, or tantalum. We believe that our
fabrication process will be suitable for fabricating tantalum
stents since tantalum can be electroplated using a {used-
flnoride electralyte."™ We are currently cxploring this pos-
sibility.

In this communication we bave described a new proce-
dure [or forming free-standing metallic structurcs with mi-
cron dimensions. The minimum feature size of objects

Fig, 4, Unexpunded (A) and cxpanded (B) structures with the dirnensions of
Palmaz. Schulz corunary sients generated by electroplating silver onto silver
structures formed om gluss vapilluries with pCP. The glass was removed with
concentrated HE after electrodeposition.
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formed with this method is limited by the resolution of the
microcontact printing (~0.2 um),? by the ability to set the
angle and position of the stamp relative to the ohject to be
patterned (~0.01°, and 2 pm for our apparatus),”™! and by
uncertainties in the dimensions of the curved support. The
composition of these parts is limited 1o materials that can
be electrodeposited. We believe that our method offers a
simple means for fabrication of complex three-dimensional
microstructures that will be a valuable complement to
other means for microfabrication. Many appiicalions in
biotechnology and MEMS should be found.

Received: October 2, 199%
Final version: November 14, 1996

[1] I Hhlemann, H. Schmidt, B. Woll(-Rottke, Adv. Maier. OGpt. Elecrron.
1993, 2, 87, H. W, Bergmann, K. Schutte, B, Schubert, A. Emmel,
Appl. Swrf Sci. 1995, 86, 259; M. Datta, L. T. Romankiw, L. Electro-
chem. Sor. 1989, 134, 285C; J. Y. Tsaw, T0. X. Ebrlich, Appl. Phys Len.
1983, 43, 146: F. G, Bachmann, Appl. Surf Sci. 1990, 46, 254, R. 5. Pa-
tel, T. . Redmond, . lessler, I Tudeyn, T Tulaski, Laser Focus
World 1996, Jar., 71; 5. A, Weiss, Photondes Specira 1995, O, 108;
Universal Thread Grinding Company, 30 Chambers Street, Fairficld.
CT 06d432; Potomac, 4445 Nicole Drive, Lanham, MD 20706,

2] 1 1. Wilbur, A. Kumar, E. Kim, G. M. Whitesides, Adv. Marer. 1994,
fi, 600; P. F. Nealey, AL J. Black, J. L. Wilbur, G. M. Whitcsides, Mole-
culur Flecironics {Eds: ). Jortoer, M. Ratner), Blackwell Scicnce,
Oxford, in press.

[3] T.T. Romankiw. S. Krongelb, E. L. Castellani, ]. Powers, A. Pfeitfer,
B. Stoeber, in Proc. of the Int. Confl on Magaetics, FCM-73, 1CM 1973,
6. 14M; L. T. Romankiw, T. A. Palumbo, in Liecrrodeposition Technolo-
gw Theory, and Practice (Eds: L. T. Romankiw, D. R. Turner), The
Clectirochemical Socicty Sofibound Proceedings Series, Pennington,
N1 1987 p. 13

4] J. C. Palmuz, Expandablc intraluminal graft, ant method, and appara-
tus (or implanting an expandable intraluminal graft, US Patent
4739762, 1988: B, Winstow, Wall Street Journal, Oclober 23, 1995, 1;
I. C. Palmaz, D. T. Kopp, H. Hayashi, R. A. Schatz, G. Hunter, F. O.
Tia, O, Gurcia, R. Alvarado, C. Rees, 8. C. Thomas, Radiclogy 1987,
164, 705, E. Ceckhount, T.. Kappenberger, J-). Goy, & Am. Cofl
Cardiof. 1996, 27, 757; §. €. Palmaz, 5. A. Windeler, F, Gareia, F.O.
Tio, R. R. 8ibbil, 8. R. Reuter, Radiofogy 1986, f60, 723; 8. R. Bailey,
R. 8. Kiese, Curr Prabl. Cardiol. 1995, 20, 615

[51 L A. Rogers, R. J. Jackman, G. M. Whitesides, S, Microelectromech.
Syst., in press

[6] Y.Xia, E. Kim, Gt M. Whitesides, J. Lilectrochem. Soc. 1996, 143, 170,

[71 R. 4 Jackman, . L. Wilbur, G. M. Whilesides, Seience 1995, 269, 664.

[8] LA. Rugers, R. L Jackmen, G. M. Whilesides, J. I.. Wagener, A M
Vengsarkar, Appl. Phvs. Len., 1997, 70.7.

[ D.Qiu, Y. Xia, . M. Whitesides, Adv. Marer. 1996, 8, 917.

[10] Brian Brown, private communication.
[11] S.Senderoff, Metall. Rev. 1966, 11, 97.

Adv. Mater. 1997 9 No. &

MATERIALS

Fabrication of Glassy Carbon Microstructures
by Pyrolysis of Microfabricated Polymeric
Precursors™*

By Qlivier J. A. Schueller, Scott T, Brittain, and
George M. Whitesides*

This paper describes a method of fabricating microstrue-
tures of glassy carbon and other high-carbon solids. "This
method uses micromolding of polymers to form precursors
to these structures, and pyrolysis of these polymeric micro-
structures to lorm the carbon solids, These microstruciures
are stiff and can be either electrically insulating or conduct-
ing, depending on their thermal history. In addition, carbon
structures can be very stablc thermally, and the surface of
carbon is readily functionalized."” We are developing car-
bon microstructures as components in microelectromecha-
nical systems (MEMS), microreactors, and other systems in
which thermal stabitity, chemical inertness, enginecred sur-
face properties, and clectrical conductivity are useful char-
acteristics.

The mechanical, electrical, and chemical properties of
high-carbon solids can be controlled over wide ranges by
the temperaturc at which these solids are prepared.“gl The
range of elecirical properties that can be achieved is espe-
cially interesting: the conductivity of a phenol-formalde-
hydc resin can be controlled over a range of ~10Q™ em™
by pyrolysis. Insulating, semiconducting, and semimetallic
behaviors have been observed for pyrolyred novolac
phototesists, depending on (he pyrolysis conditions ]

Glassy carbon is often produced by carbonization of or-
ganic polymeric precursors; resins of furfuryl alcohol, phe-
nol-formaldehyde, acetone-furfural, or furfuryl alcohol-
pheno! copolymers are among those commonly used lor
this purpose.m In this work, copolymers of phenol-formal-
dehyde or furfuryl aleohol-phenot were formed in patterns
on appropriate substrates (silica, 5i/510-, glassy carbon)
using micro-molding in capillaries (MIMIC) ! and micro-
{ransfer molding (WTM).”l The resulling polymeric struc-
tures werc cuthonized at high temperaturcs in vacuum
(600-1100 °C. 10721077 torr) or in an inert atmosphere {ar-
gon), cither on the substrate ar after being lifted from the
surface, to yield high-carbon structures having micron-scale
dimensions.

Supported structures of a phenol-formakdehyde resin
and of a furfuryl aflcohol-medificd phenolic resin were pre-
pared by MIMIC, using a patterned poly(dimethylsiloxanc)
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