
Design and Fabrication of Topologically evenly to the structure. For the 2~ structure 
to relieve applied strain, the rigid edges of 

Complex, Three-Dimensional Microstructures the cube would bend at the hinges. and the 

Rebecca J. Jackman, Scott T. Brittain, Allan Adams, 

L . .  

wire (Fig. lC, asterisk) would move out 
(either uv or down) of the vlane of the 

Mara G. Prentiss, George M. Whitesides* structure. Once this structure is projected 
into three dimensions-that is, the design is 

Two concepts for use in the fabrication of three-dimensional (3D) microstructures with transferred to a cylinder-points A all lie in 
complex topologies aredescribed. Both routes begin with a two-dimensional (2D) pattern one plane and points B lie above this plane. 
and transform it into a 3D microstructure. The concepts are illustrated by use of soft When axial strain is applied, the rigid hex- 
lithographic techniques to transfer 2D patterns to cylindrical (pseudo-3D) substrates. agonal mesh constrains points A in the 
Subsequent steps-application of uniaxial strain, connection of patterns on intersecting plane of the cylinder, and points B must 
surfaces-transform these patterns into free-standing, 3D, noncylindrically symmetrical move further up (and out) of the plane to 
microstructures. Microelectrodeposition provides an additive method that strengthens relieve the applied strain. 
thin metal designs produced by patterning, welds nonconnected structures, and enables Patterning cylinders and other curved 
the high-strain deformations required in one method to be carried out successfully. substrates, using soft lithography (18) and 

in particular microcontact printing 
(p,CP), has made it practical to produce 
structures with features as small as a few 

Building microstructures in three dimen- in the x direction would cause expansion of micrometers (1 9-21 ). Microcontact print- 
sions (3D) presents significant challenges the structure in the y direction in the plane ing on a silver-coated capillary (22) (Fig. 
when working with the inherently planar of the structure (17). If hinges (thinner l ) ,  using a stamp (23) molded in this 2D 
geometries that are accessible through pro- wires at joints) and rigid sections (hexago- pattern (Fig. lC) ,  followed by wet-chem- 
jection photolithography (1-10). Alterna- nal mesh) are introduced, however, the di- ical etching (24), electrodeposition of 
tives to photolithography for fabrication of mensions of the structure are constrained in metal, and dissolution of the substrate re- 
3D structures typically use fabrication the y direction and the strain is transferred sulted in the formation of a self-support- 
schemes that "write" patterns serially in 
metals and polymers-these methods either 
take a solid object and carve from it a Fig. 1. Schematic illustration of the A 
structure by removal of material in a step- fabrication of 3D structures formed ....................... .-.- ....-............ - 
wise manner, or they cause localized depo- by deformation Of a cylindrica! mesh 

under tension. Using an electron- sition of material in a serial manner (1 1 - beam evaporator, we coated glass Evaporate titanium (25A: dheslon 
16). Although these methods provide ac- capillaries (- mm diameter) (A) 

promoter) and silver (5001) 

cess to complex Structures, they are often titanium (-25 A; adhesion pro- 
limited in the connectivities and dimen- moter) and silver (-500 A)). TWO or- 

B 

sionalities of the structures they can gener- thogonally rotating stages ensured 
ate. This report describes two ,general con- that the capillaries were evenly rnet- I 

cepts for the design of 3D microstructures, alized around their circumference C 
some with complex topologies, that over- (20) (B). MiCrOCOntaCf Printing of cmcontact print 2D pattern: 
come certain of these limitations and illus- hexadecanethiol with an elasto- :h unprotected silver and titanium 

meric stamp formed a patterned trates them with simple examples. Both self-assembled monolayer on the 
routes begin with a simple 2D pattern that capillary. The geometry of the 
is transferred to a cylinder and then after stamp is illustrated in (c); the di- 
several steps is transformed into a 3D mi- mensions and angles of the wires D 
crostructure with noncylindrical symmetry. that form the cube were adjusted 

One approach begins by transferring a relative to the circumference of the I Make electrical contact; 

2D pattern onto a cylindrically symmetrical cylinder: for a cube with edges of electroplate thin layer of metal; 
d~ssolve capillary in HF 

substrate (pseudo-3D). Application of an lengthdformed on acylinderwith a 

axial strain transforms this ~seudo-3D struc- dl the edge of the cube r) E - 
ture into a truly 3D structure having a Set equal to ds the components 

of the edges (#) were of length d/2 symmetry that differs from the original. To and were oriented at an angle of I Pull axlarly lu lurm cube 
illustrate this concept, we started with a 520 to the edge *. for 15 
planar pattern (Fig. 1) and used it to pro- to 30 s in an aqueous ferricyanide 
duce a structure with cubic symmetry. A 2D bath (0.001 M K,Fe(CN),, 0.01 M F 
structure formed from the central repeat K,Fe(CN),, 0.1 M Na2S203) re- 
pattern (Fig. lC), but without hinges (weak moved the underivatized silver and -+2 mrn + 

points in the structure), would have a neg- -10 s in 1 % HF solution  moved 
ative poisson ratio: uniaxial strain applied the exposed titanium. A conductive metal pattern was formed in the design of the stamp (D). Electro- 

plating a thin (-20 pm) layer of silver from a plating bath held at room temperature (Technic, Providence, 
RI, Techni-Silver E2) at a current density of -20 mA/cm2 increased the rigidity of the structure. We 

R. J. Jackman. S. T. Brittain. G. M. Whitesides, Depart- estimated the area of the pattern by measuring the total area spanned by the pattem and then 
merit of Chemistty and Chemical Biology, Haward Uni- calculating, based on the design, the percentage of the area covered by metal. Dissolution of the 
versityl Oxford MA O2I 38s USA. underlying glass substrate in HF produced afree-standing mesh (E). (Caution: direct exposure of skin to 
A. Adams and M. G. Prentiss, Department of Physics, 
Haward University, Oxford Street, MA concentrated, aqueous HF can damage skin and bones.) The final cube formed when the mesh was 
02138, USA. expanded under tension by pulling on both ends of the structure with tweezers. Further electroplating 
*To whom correspondence should be addressed. reinforced the structure and made it rigid (F). 
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ing, metallic mesh with a negative Poisson 
ratio (Fig. 2A). Application of axial strain 
to the mesh (by pulling the ends of the 
structure in opposing directions) caused 
the structure to "pop" into the cube shape; 
this deformation occurred with controlled 
bending at the hinges (25). Three adja- 
cent cubes formed by this procedure are 
shown (Fig. 2B). These cubic structures 
illustrate the possibility of transforming 
planar designs into 3D, n~nc~lindrically 
symmetrical microstructures. This type of 
approach is applicable to more complex 
geometries, although the designs that pro- 
vide and concentrate the required strain 
must be explored. At  smaller feature sizes, 
it potentially could be used to produce 
components with negative Poisson ratios 
that could function as compliant micro- 
grippers or micropositioners. The rapid 
prototyping technique (26) that we used 
to make stamps determined the feature 
sizes of our structures. Substantially small- 
er structures could certainly be made with 
stamps formed from masteis produced by 
conventional photolithography-a free- 
standing hexagonal mesh with features as 
small as about 8 pm is shown (Fig. 2C). 
Registration at smaller scales will become 
critical-we have shown that we can adjust 
the relative orientation of the stamp and 
substrate to within O.lO, so it should be 
possible to align features to within 2 pm on 
a 125-km-diameter substrate (20). 

Fig. 2. Photographs of a free-standing, cylindri- 
cal, unexpanded silver mesh patterned in the de- 
sign of the projected cubes (as shown in Fig. 1) (A) 
and three expanded cubes (B) formed by pCP 
followed by electroplating and deformation under 
tension. (C) Scanning electron micrograph of a 
free-standing, cylindrical, hexagonal mesh formed 
by pCP followed by electroplating. 

The second conceut for fabrication ~ r o -  
duces 3D microstructures with complex to- 
pologies from a 2D pattern. This approach 
uses electrochemical deposition of metal 
to bridge patterns at the intersection of 
two (or three) planes. Given that the in- 
tersection of two planes defines a line, the 
topological complexity of structures that 
can be fabricated is increased by designing 
features that interact alone this line. For 

c7 

example, in a planar geometry, three links 
projected onto a planar surface cannot be 
joined together with multiple, unconnect- 
ed crossing points (without cutting them). 
At  the intersection of two planes, howev- 
er, these three links can be placed so that 
they maintain their individual structure 
but are linked to form a linear chain (Hopf 
links) (Fig. 3) (27, 28). Bringing two rect- 
angular rods together along their edges 
(Fig. 3E) is topologically equivalent to 
intersecting two planes, as is bringing two 
parallel cylinders together at a tangent 
line-these junctions define lines around 
which fabrication can be ~erformed. 

To demonstrate this concept, we trans- 
ferred a pattern of half-links (Fig. 3C) into 
a layer of photoresist coated on a metalized 
glass capillary using a flexible photo- 
mask (26). Two patterned capillaries were 
aligned (to form the topological equivalent 
of two intersecting planes) and secured in 
place, with their patterns matched to form 
the tem~late for an interlinked chain. Iso- 
tropic electrodeposition of nickel in the 
regions where the underlying metal was ex- 
posed (that is, the half-links) produced 
electrochemically welded, interconnected 

Fig. 3. Scheme for fabricating a chain using a 
flexible photomask and electrochemical weld- 
ing. By pulling metallized glass capillaries (A) 
slowly (-1 cm/min) from bulk solution, we coat- 
ed them with photoresist (Shipley 181 3, Micro- 
lithography Chemical Corporation, Newton, 
Massachusetts) (B). Capillaries were hard- 
baked at 105°C for -3 min. Exposure (-8 s) of 
the coated capillary to ultraviolet light (using a 
Karl Suss mask aligner) through a flexible mask 
[design shown in (C)] wrapped around its surface 
transferred an appropriate pattern into the pho- 
toresist (D). Under an optical microscope, we 
aligned two patterned capillaries so that they 
were in close proximity to one another and their 
patterns matched to form a chain (E). (Links 
correspond to openings in the photoresist. Dot- 
ted lines represent links on the undersides of the. 
capillaries that are not visible from the top.) Elec- 
troplating nickel, from a nickel sulfamate-based 
plating bath (Technic, Providence, Rhode Is- 
land, Techni-Nickel "S") held at 45°C for -30 
min at acurrent density of -20 mA/cm2, in areas 
defined by the photoresist electrochemically 
welded together the ends of the chain links. We 
released the freely jointed chain from the capil- 
laries by dissolving the photoresist in acetone, th 
titanium and glass in concentrated HF (F). 
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nickel links. The release of the structure 
from the underlying support produced a lin- 
ear, interlinked chain (Fig. 4). 

Many connectivities are possible using 
intersecting planes for fabrication: multiple 
 lanes can be caused to intersect alone a " 
line; multiple cylinders can be contacted 
along multiple parallel, tangent lines; three 
or more planes can be made to intersect at 
a point to increase further the complexity of 
accessible structures [trefoil knots or Bor- 
romean Rings (27, 28) are possible]. Small- 
er structures should be possible but aligning 
the relevant planes becomes increasingly 
difficult. 

These alternative concepts for micro- 
fabrication offer strategies for making 3D 
microstructures with complex topologies. 
Both methods take advantaee of the abil- " 
ity of microcontact printing and other soft 
lithographic techniques to pattern cylin- 
ders by using 2D patterns embossed in the 

Fig. 4. Optical micrograph of a free-jointed nickel 
chain formed by the procedure shown in Fig. 3. 
The final thickness of nickel was -50 pm. 
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surface of elastomeric stamps or flexible pho
tomasks. Subsequent processing steps trans
form patterns on these cylindrically symmet
rical substrates into structures with different 
symmetries and more complex topologies. 
Microelectrochemistry provides an additive 
method that strengthens thin metal patterns 
produced by printing and etching and that 
welds proximal, nonconnected structures. 
Potential applications for these techniques 
may be in the fabrication of ultralight struc
tures for micro air and space vehicles, com
ponents for microelectromechanical systems, 
3D metallic membranes and electrodes, and, 
at smaller dimensions, dielectric structures 
for photonic band gap materials. 
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8 cm) slabs were found near the remains of 
the main temple in Mashkan-shapir (Fig. 
1). One of the two large sides of each was 
flat, with the opposite face uneven. The 
material resembles basalt, but the uniform 
size, shape, and characteristic appearance of 
the slabs suggest that they are not naturally 
formed rock. They appear to be the result of 
deliberate manufacture and not an acciden
tal by-product of some other manufacturing 
process. 

At Mashkan-shapir, these slabs were 
only found in the southern, religious quar
ter, but their characteristic profile, with 
uneven top and flat bottom surfaces (Fig. 
2), can be used to link them with several 
hundred fragments found across the site. 
The large slabs and fragments were around 
8 cm thick, except where the latter had 
been worn down by grinding. Except where 
broken, the edges show evidence of delib
erate trimming. Closest to the flat face, the 
vesicles are small (0.1 to 0.5 mm), and they 
increase in size as they approach the uneven 
face (2 to 3 mm). The pieces are black to 
dark gray in color except for the uneven 
surface, which usually exhibits a greenish 
tinge. Compositionally, this material falls 
outside the range of known basalts (3), 
particularly in the high CaO and KzO con
centrations and low amounts of A1203 and 
total Fe, but is similar to the composition of 
a sample of alluvial silt from the area (Table 

f 

From Shifting Silt to Solid Stone: 
The Manufacture of Synthetic Basalt 

in Ancient Mesopotamia 
E. C. Stone, D. H. Lindsley, V. Pigott, G. Harbottle, M. T. Ford 

Slabs and fragments of gray-black vesicular "rock," superficially resembling natural 
basalt but distinctive in chemistry and mineralogy, were excavated at the second-
millennium B.C. Mesopotamian city of Mashkan-shapir, about 80 kilometers south of 
Baghdad, Iraq. Most of this material appears to have been deliberately manufactured by 
the melting and slow cooling of local alluvial silts. The high temperatures (about 1200°C) 
required and the large volume of material processed indicate an industry in which lithic 
materials were manufactured ("synthetic basalt") for grinding grain and construction. 
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