
lical) proteins will exhibit distinctly dif- 
ferent distance-decay properties ( 1  9 ) .  

Two key elements de te r~n ine  the  iiis- 
tance dependence of electronic coupling 
in proteins: the  directness of the  counlinc - 
p~thnray  and the  energy of the  t~ lnne l lng  
electron. T h e  former depends o n  the  nro- 
tein structilre and the  positions of the  
redox sites. In  the  tunnelinp-nathlvav 

L, A 

model, t he  tunneling energy defines the  
covalent-bond coupling decay ( E ~ ) ;  the  
value of C.6 derives from atlalvses of ET 
rates in  model systetns (6) .  Changes in  E,: 

will no t  affect o,/R,, correlations, hecause 
eC appears as a prefactor in  the  expressions 
for hydrogen-bond and space-gap coupling 
decays. T h e  magnitude of E,: does, howev- 
er,  determine the  nredicted slopes in  r?lots 
of log k ,,,c,, versus distance. T h e  close 
apreetnent between the  ohserved and nre- 
dicted decay constants for aiurin and cyt c 
suggests a n  E,: value of C.6 is appropriate 
for a high-potential oxidant such as 
R ~ ~ ( b p y ) ~ ( i m ) ( H i s " ) ~  (potential  E' = 

1.C V versus the  nortnal hydrogen elec- 
trode).  In the  systems analyied hy Dut ton 
and co-workers (19),  the  redox couples 
spanned a fairly wide range, but they in- 
cluded manv low-notential oxidants. C o n -  
sidering the  generally less favorable tun-  
neling energie?, the  reported protein decay 
constant [1.4 A p l  (4 ) ]  accord: renlarkably 
closely wit11 the  decay [1.26 Ap' (9 ) ]  pre- 
dicted for coupling through a n  a-helical 
StrLlctLlre. 
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Controlled Folding of Micrometer-Size Structures 
Elisabeth Smela,* Olle Inganas, lngemar Lundstrom 

Several types of microactuators have been fabricated, from simple paddles to self- 
assembling and -disassembling cubes. Conducting bilayers made of a layer of polymer 
and a layer of gold were used as hinges to connect rigid plates to each other and to a 
silicon substrate. The bending of the hinges was electrically controlled and reversible, 
allowing precise three-dimensional positioning of the plates. The structures were released 
from the substrate with a technique based on differential adhesion. This method, which 
avoids the use of a sacrificial layer and allows the actuators to pull themselves off the 
surface, may have general applications in micromachining. Possibilities include the man- 
ufacture of surfaces whose light reflection or chemical properties can be switched. 

A s  the  electronic properties of conjugated, 
or conducting, polymers are tillled fro111 in- 
sulating to metallic, there are concolnitant 
changes in volume: W h e n  electrons are 
donated to or removed from the  polymer 
chains, co~npensating ionic species are in- 
serted or extracted ( I ) .  T h e  process can be 
controlled hy the  application of a small 
voltage if the  polymer is in contact n i t h  a n  
electrolyte. T h e  a n ~ o u n t  of charge that can 
be stored is substantial: In fnlly doped poly- 
heterocyclic polymers, approxitnately one 
dopant is incorporated for every four mono- 
mer i~ni ts .  

Conducting polymers compare favorahly 
with piez~electric materials, shape memory 
alloys, and magnetorestrictive nlaterials be- 
cause they deliver high stresses, have sub- 
stantial energy densities, and ilndergo large 
dinlensional changes without requiring 
high voltages, currents, or temperatures for 
operation (2 ) .  Some potential applications 
of conducting polynlers as electrotnechani- 
cal nlaterials have been evaluated concep- 
tually ( 3 ) ,  and nlacroscopic hilayer actila- 
tors have heen demonstrated ( 4 ,  5). Re- 
cently we produced micrometer-sire bilayers 
(6 ) ,  defining the  geometrical elelnents pho- 
tolithographically, and conducting poly- 

Linkoplng institute ofTechnoiogy, Department of Physics trier-polyimiile cantilevers have heen tnade 
and Measurement Technology, S-581 83 L~nkop~ng, (7). 
Sweden T h e  hinge or artificial muscle compo- 
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application of these simple bilayers, which 
consist of a layer of conducting polymer, 
polypyrrole (PPy) doped with dodecylben- 
zenesulfonate (DBS), and a layer of gold. In 
this polymer system, the volume change is 
dominated by the simple physical separa- 
tion of the chains due to cation insertion or 
extraction (8). The bilayer bends at a speed 
determined by the ionic species and the 
thickness of the polymer layer (because the 
volume change is controlled by diffusion). 
The extent to which the bilayer bends is 
determined by the thickness and elastic 
moduli of both layers. The sequence of pho- 
tographs in Fig. 1 shows the extent to which 
the PPy-gold bilayers can reversibly curl, 
from flat strips to tight spirals. We used 
surface micromachining to fabricate these 
actuators (9). 

By incorporating stiff parts into the 
structure, it is possible to considerably ex- 
tend what can be accomplished with a basic 
bilayer. Figure 2 shows an array of paddles 
with surface dimensions of 90 pm by 90 pm 
rotating on hinges of 30 pm by 30 pm. 
Note that these relatively short hinges pro- 
duce a rotation of 180". Hinees of that size " 
were able to operate paddles as large as 900 
um bv 900 um but had difficultv initiallv 
releasing such large areas from the surface. 
Because only comparatively small hinges 
are needed to move large areas, it would be 
possible to design rigid flaps with different 
properties on either side: Activating the 
hinges would then transform virtually the 
entire surface. For an intuitive picture of 
the strength of these hinges, imagine a per- 
son under water trying with one arm to 
move a plate with dimensions of 30 m by 30 
m. It has been calculated that conducting 
~olvmers can deliver stresses of hundreds of . , 
megapascals (3), comparable to shape mem- 
orv allovs. 

Several rigid elements can be connect- 
ed with bilayer hinges. Activation of the 
hinges causes the microstructure to fold 
and assemble into a predetermined shape. 
The device fabrication sequence for a cen- 
ter-mounted self-folding box with two 
consecutive hinges is illustrated and de- 
scribed in Fig. 3. The metal layers were 
devosited onto 3-inch silicon wafer sub- 
strates by vacuum evaporation and were 
patterned by wet chemical etching. The 
PPy was deposited electrochemically from 
an aqueous electrolyte containing 
Na+DBSP and pyrrole (10). The rigid 
benzocyclobutene (BCB) layer was depos- 
ited by spin-coating and cured at 200°C. 
Both polymer layers were patterned by 
reactive ion etching: PPy in an oxygen 
plasma and BCB in a mixture of 20% CF, 
in oxygen. 

The key to the release of all of these 
microstructures is the weak adhesivity of 
selected areas of the surface produced in 

step A of Fig. 3. Rather than using sacrifi- 
cial layers, which have to be removed in the 
final processing steps, we have developed 
an alternative release method based on dif- 
ferential adhesion in which the bilayer pulls 
parts of the completed device off the sur- 
face. Gold adheres weaklv to bare silicon or 
silicon dioxide, so a thin layer (several ang- 
stroms) of a metal such as chromium, to 
which gold adheres well, is deposited first. 
However, because the gold film coheres to 
itself, a chromium layer with large holes can 
still hold down the entire film. The devices 
are positioned so that they are partly over 
the silicon and partly over the chromium. 
When thev are o~erated. the tensile stress 
generated during the doping of the polymer 
pulls the gold free from the bare silicon, but 
the bilayers remain attached over the chro- 
mium. It is critical that the overlying rigid 
layer be almost stress-free, or the gold layer 
will be pulled off the silicon areas prema- 
turely in step C of Fig. 3. 

Fig. 1. Bilayer actuators, 
overhead view and adja- 
cent schematic side view. 
Polypyrrole-gold bilayers 
with surface dimensions 
of30pmbyl000pmina 
liquid electrolyte curl into 
tight spirals in response to 
a change in the applied 
voltage from -1.0 to 
+0.35 V (top to bottom). 
The phenomenon is fully 
reversed upon return to 
-1 .o v. 

The differential adhesion method has 
several advantages. PPy does not need pro- 
tection from chemical attack during a final 
etch release step, and arbitrarily large areas 
can be freed (it can take hours or davs to 
etch a sacrificial layer out from underneath a 
large plate). Other methods and materials 
could be used to create the adhesion differ- 
ence; for example, a patterned monolayer of 
silane molecules on silicon or a single mate- 
rial with areas of roughness and smoothness. 

The devices were operated in a 
Na+DBS- electrolyte solution. A transpar- 
ent indium tin oxide-coated glass plate was 
used as the counter electrode. The arrange- 
ment is illustrated in Fig. 4. Electrical con- 
tact to the devices was made through the 
chromium layer that remained over most of 
the surface. For structures that were center- 
mounted, like the boxes, the electrical path 
was completed through the conducting sili- 
con wafer. In the present design, all of the 
bilayers were addressed simultaneously, but 

SCIENCE VOL. 268 23 JUNE 1995 



Fig. 2 (above). Actuators with one rigid element, overhead - 
view with corresponding schematic below. The paddles 
consist of rigid square plates (green) with surface dimen- 
sions of 90 pm by 90 pm on bilayer hinges (brown) of 30 E 
pm by 30 pm. One can see through the paddles because 
benzocyclobutene is transparent and the gold layer (yellow) 
is very thin. (A) Paddles lie flat at 0". (B) Paddles are per- 
pendicular to the surface around 90". (C) Paddles lie flat at 180". The position of the paddles is 
controlled by the applied voltage. Fig. 3 (right). Processing sequence for self-opening and 
self-closing boxes. The figure is schematic and not to scale, and the vertical dimensions are greatly 
exaggerated. Only three masks were used. (A) A layer of chromium (blue) is evaporated onto a silicon 
wafer and patterned. (B) A gold film (yellow) is evaporated onto the surface. (C) A passive, rigid 
polymer, BCB, is deposited on the surface by spin-coating and is patterned (red). (D) PPy (green) is 
grown electrochemically onto the gold electrode. (E) The PPy and gold are patterned. Gold remains 
under the BCB and PPy, mechanically connecting them and providing electrical contact. When PPy is 
oxidized and reduced, its volume changes; the bilayers lift the plates from the silicon surface. The area 
in the center of the Fox remains atiached to the surface by the chromium. The layer thicknesses are 
approximately 200 A (gold), 5000 A (BCB), and 3000 A (PPy). 

Fig. 4. Electrochemical cell. The devices were 
operated in a liquid electrolyte (a) in a polytet- 
rafluoroethylene dish. Electrical contact to the 
devices (b) was made through a gold-plated 
screw (c) that also fixed the wafer in position. A 
transparent indium tin oxide-coated glass slide 
(d) served as the counter electrode and was 
contacted by a gold wire (e). The reference elec- 
trode (9 was Ag/AgCI. Pictures were taken 
through a microscope (g). 

with the appropriate wiring it would be pos- 
sible to address the different devices and the 
various hinges of a single device individually. 

The PPy film after growth is always 
doped (contains no Na+) and conducting, 
but the structures lie flat. During the first 
several oxidation-reduction cycles, how- 
ever, the polymer chains undergo a per- 

manent rearrangement so that in the 
doped state they take up less volume. From 
then on, when negative potentials are ap- 
 lied and the PPv film fills with Na+ (the 
reduced or undoped state), it expands to 
its original size. When positive voltages 
are applied to the working electrode, the 
volume of the PPy layer contracts and the 
bilayer bends. 

The potential between the devices and 
reference electrode was varied between -1.0 
and +0.35 V. Figure 5 shows a series of 
photographs of a center-mounted box clos- 
ing around two small grains of sand. The 
plates can be held in any position by fixing 
the voltage to maintain a certain doping 
level. This permits one to do delicate ma- 
nipulations or, with separately addressed 
plates, complex folding sequences. A three- 
hinge. side-mounted cube is shown closed " ,  

in Fig. 6. These structures were able to 
change shape in 0.5 to 10 s, depending on 
the PPy thickness, when the voltage was 
changed abruptly between the two limits. 
The maximum current iensity for oxidation 
or reduction of a 4000 A thick PPy film on 
gold is typically 10 mA/cm2. 

Bilayer cantilevers are a common feature 
in micromachined structures. However. 
conducting polymers undergo much larger 
volume changes than solid-state materials 

Fig. 5. Actuators with two consecutive rigid ele- 
ments. This sequence of photographs shows a 
cubic box as it closes (A to D). Each of the six sides 
is 300 pm by 300 pm. Because BCB is transpar- 
ent, the gold shines through the sides of the boxes. 
The two enclosed particles are small grains of 
sand. Folding from (A) to (D) took about 1 s. 

such as piezoceramics or rare-earth magne- 
tostrictive compounds, and smaller voltages 
and currents are required for operation (2). 
Bilayers made of two types of polyimide and 
driven by differences in coefficients of ther- 
mal expansion have been shown to have 
large displacements (11). However, the 
temperature in those actuators exceeds 
250°C; the room-temperature operation of 
conducting polymers would be more suit- 
able for biological applications such as cell 
handling. 

The combination of rigid and flexible 
micromachined elements is starting to at- 
tract interest. Electrostatically driven ac- 
tuators consisting of rigid plates connected 
by elastic polyimide hinges have been 
made (12). In these devices, a polyimide 
film forms a flexible connection to the 
plates, which can be tilted up to 30" by 
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Fig. 6. Actuators with three consecutive rigid el- 
ements. (A) Photograph of a closed, side-mount- 
ed box with three consecutive hinges and the 
same dimensions as the cube in Fig. 5. (B) Sche- 
matic illustration. 

applying several hundred volts between 
the   late and the substrate. The kev dif- 
ference between this approach and our 
approach is that we control the bending of 
the hinge rather than the position of the 
plate. The conducting polymer devices 
can therefore achieve folding of 180" at 
each joint. 

Further applications of the described 
technology might include valves that close 
automatically in response to a chemical sig- 
nal or a change in pH and structures for 
single-cell capture and analysis. More so- 
phisticated folding structures could perhaps 
be used as microrobot limbs. 
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A Combinatorial Approach to Materials Discovery 
X.-D. Xiang,* Xiaodong Sun, Gabriel Bricefio, Yulin Lou, 

Kai-An Wang, Hauyee Chang, William G. Wallace-Freedman, 
Sung-Wei Chen, Peter G. Schultz* 

A method that combines thin film deposition and physical masking techniques has been 
used for the parallel synthesis of spatially addressable libraries of solid-state materials. 
Arrays containing different combinations, stoichiometries, and deposition sequences 
of BaCO,, Bi,O,, CaO, CuO, PbO, SrCO,, and Y,O, were generated with a series of 
binary masks. The arrays were sintered and BiSrCaCuO and YBaCuO superconducting 
films were identified. Samples as small as 200 micrometers by 200 micrometers in size 
were generated, corresponding to library densities of 10,000 sites per square inch. The 
ability to generate and screen combinatorial libraries of solid-state compounds, when 
coupled with theory and empirical observations, may significantly increase the rate at 
which novel electronic, magnetic, and optical materials are discovered and theoretical 
predictions tested. 

Currently, there is tremendous interest in 
materials such as high-temperature super- 
conductors, supermagnetic alloys, metal ox- 
ide catalysts, and luminescent materials (1 ). 
However, few general principles have 
emerged that allow a priori prediction of 
the structures of new materials with en- 
hanced properties (2). Consequently, the 
discovery of such materials remains a time- 
consuming and rather unpredictable trial- 
and-error process, made even more difficult 
by the increasing complexity of modem 
materials. Hence there is a need for a more 
efficient and systematic way to search 
through the largely unexplored universe of 
ternary, quaternary, and higher order solid- 

X.-D. Xiang, G. Briceiio, K.-A. Wang, Molecular Design 
Institute. Lawrence Berkelev Laboratow. Berkelev. CA 

state compounds in order to discover mate- 
rials with novel electronic, optical, magnet- 
ic, or mechanical properties. 

In biology, molecules with a desired 
property are often identified by the synthesis 
and screening of large collections, or librar- 
ies, of structures. Perhaps the best such ex- 
ample is that of the humoral immune sys- 
tem, which can generate and screen some 
1012 antibody molecules to identify one that 
specifically recognizes and binds a foreign 
pathogen (3). One of the first applications 
of molecular libraries to chemistry was the 
development of catalytic antibodies (4). 
Shortly thereafter, a number of methods 
were developed for generating and screening 
large populations of biological molecules in 
vitro for binding, catalysis, or both (5, 6). A 
ereat deal of effort is currentlv devoted to- 
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ward the application of these combinatorial 
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ifornia, Berkeley, CA 94720, USA. large numbers of precursors), as well as li- 
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CA 94720. USA. Here, we report the first application of - - 
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