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The spontaneous associat ion of molecules, termed molecular self-
assembly, is a successful strategy for the generation of large,
structured molecular aggregates'.  The most important source of
inspiration for this strategy is the biological world, in which many
processes involve interfacial interactions and shape selectivity
that guide the formation of complex, multicomponent three-
dimensional structures. The success of molecular self-assembly
notwithstanding, many objectives in science and technology
require the assembly of components that are much larger than
molecules: examples include microelectronic and microelectro-
mechanical systems, sensors and microanalytical and micro-
synthetic devices2. Photolithography, the principal technique
used to make such microstructures, has certain limitations: it
cannot easily form non-planar or three-dimensional structures; it
generates structures that are metastable; and it can be used only
for a limited set of materialsr. Here we describe an approach for
the self-assembly of millimetre-scale components that uses two
concepts to direct the assembly process: shape recognition and the
minimization of liquid-liquid interfacial free energiesa. These
play a role in other spontaneous self-assembly phenomena, such
as the formation of bubble raftst'u, the patterned dewetting of
surfacest't, and the coalescence of liquid dropst. We apply self-
assembled monolayer molecular filmstu to the surfaces of shaped
macroscopic objects to render them hydrophilic or hydrophobic,
depending on the terminal groups of the bound molecules. In
aqueous solution, hydrophobic surfaces bearing a thin film of a
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Assembled tetrahedra:

Au on exterior surfaces

Assembled te t rahedra :

Ag on  in te r io r  sur faces

hydrophobic, lubricating liquid adhere to similar surfaces with
complementary shapes, while being able to adjust their relative
alignment to ensure a good fit. In this way, the components
assemble into well defined aggregates, which can be bound
permanently when the hydrophobic liquid films consist of a
polymerizable adhesive.

Figure I outl ines our process. The individual components to be
assembled were formed from a hydrophobic polyrner (t,vpicall,v a
polyurethane: NOA-63 or NOA-88; Norland, New Brunsrvick, NJ)
by moulding. The surface of these components was patterned into
hydrophilic and hydrophobic regions using two procedures. In one,
some portions of the surface were covered (often by leaving the units
in the moulds in which they were made), and the exposed surfaces
were oxidized with an oxygen plasma. This process left the hidden
surfaces hydrophobic, while making the exposed surfaces hydro-
philic. In a second, differentiation was achieved by coating the
regions with gold or silver by evaporation, and assembling mono-
layers of hydrophobic or hydrophilic'u thiols onto them. The
components were placed in a flask, their surface was wetted with
ethanol, a small  amount (0.05-0.1 pl per mmr of hydrophobic
surface) of a hydrophobic liquid-either an alkane or a photo-
polymerizable adhesive, such as dodecyl methacrylate-was added,
and the system was stirred gently to coat the surfaces. Water was
added; the water displaced the hydrophobic liquid from the hydro-
philic surfaces, while leaving a thin film of liquid coating the
hydrophobic surfaces. The aqueous suspension of the components
was tumbled in a rotating flask. This agitation brought the compo-
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Figure 1 Schematrc out  ine ot  the process used to fabr icate and assemb e

components of  the tetrahedra.  The master ( top ef t )  was fabr icated f rom

a umin ium by  mach in ing ;  the  ang  es  de f rn ing  the  edges  a t  the  t i p  were  109 ' .

P rocess  s teps  a re  as  fo l l ows :  (A )  A  pad  c f  oo lyd ime thy ls i  oxane  (PDMS t )was

cas t  and  cu red .  (  B )  The  mas te r  was  cas t  n l c  a  second  laye r  ( t t )  o f  PDMS.  (C)  A f te r

cu r ing ,  the  mas te rwas  removed  (D)Th ts  PDI ' lS  mou  d  was  ox td i zed  in  an  oxygen

p  asma to  genera te  su r face  S i -O l  g ro lp .s  (E )  Exposure  to  pe r f l uo roa lky l  t r i -

chlorosi lane vapour resu ted n the fcrnrat  l '  or  a rer f luoroalkylated surface (see

inse t )  (F )  A  measured  amoun t  o f  t he  l rqu  c l  r ' t  ) ' L - re thane  p repo lymer  was  added

b y  m e a n s  o f  a  s y r i n g e  p u m p  a n d  { G t n ' a s  c , ' e d  r  I  t r a v  o l e t  l g h t .  ( H )  G o l d  w a s

evaporated on top of  the parts inrh r - :  i l .e ' ,  .=r-a 'e. j  r^  ine nrould.  ( l )A hydrophi l ic

se f -assemb ng  mono lav - r  . \ ac .  r - " '  '  - '  i  : , ' -  :  s l r f ace  by  immers ion  n  a

s o l u t i o n o f  a t h o l  t e ' n ' . a i f ! , r - , ' . - : ' - , ; .  ' : . r . f r :  i D F G ) g r o u p s ( t h e P E G u s e d

was methox\ '  t ( , r . - ' - : r i . r / '  ' "a-  , ' .  - t ,  i t '  .^ ' , r :  ght  350);  th is th o late is

hyCr fp l '  ra  a r ' . r  ' i -  i ' -  :  -  -  :  - ' :  . . , - : f e  r c l l oved  l rOm the  mou ld .

/ K l S  . " ' . . i : ; : ' .  l r l : '  -  r ,  a . t s  i L  ) T h e  p a n s  w e r e  o x i d i z e d  i n

, :  : ,  .  .  .  r -  -  - : ;  
j -a . -sse l r l l  

tg  l tono layerwas genera ted

' '  , "  r :  . ' r . : ' . :  t _ . r  : - : ,  I .  1 - t , r  r . , , , ! r e c  o c € c i n t h e a s s e m b l y f l a s k a n d t h e l i q u i d

acr -as  ' . . r  a -c  ,o tNar  { r  . r i ' e re  accec  ard  Ois t r ibu ted .  (O)  Water  was added un t i  the

f ' lask  was comple te  y  f r i  eo ,  and the  mix tu re  was ro ta ted  mechan ica l l y  to r  severa l

h o u r s ,  t h e  t e t r a h e d r a  a s s e m b  e d  t h e m s e  v e s  ( P )  l f  t h e  g l u e  w a s  p h o t o c u r a b l e ,

the  pans  ' f  roze '  ln to  p  ace  on  u l t rav io le t  i r rad ta t ion .  They  were  then removed and

e x a m r n e d .

nents into contact. 
- l 'he 

hvdropl-r i l ic surf i tces stuck neither to other
hydrophilic surfaces nor to the hydrophobic surfaces with their thin
coating of liquid, whereas the hydrophobic surfaces adhered to one
another. Once the surfaces were in contact, the liquid acted as a
lubricant, allowir-rg the components to adjust their position relative
to one another by lateral movement. This movement minimized the
interfacial free energy of the svstem by minimizing the surface area
of the lubricant-water interface. After the systems had approached
equil ibr ium, ultraviolet irradiat ior-r (rvhen the l iquid was a photo-
polymerizable adhesive) 

' f ioze' the assembly into permanent form.
These components were removed and examined.

Figure 2 shows small  assemblies fabricated using this procedure.
The most complicated of the structures formed was approximately a
sphere: four pieces with hyclrophobic faces defined by planes
meeting at the tetrahedral angle (109') were the components that
assen-rbled. A key component to these assemblies was to make the
contacting surfaces smooth; if they rvere rough, the lateral motion
required to reach the configuration with the maximum contacting
surface was hindered by direct, unlubricated contact and adhesion
of the surfaces. Tb generate suitably smooth surfaces, the faces of the
aluminium master were polished to a mirror finish; we did not
measure the surface roughness.

The assemblies in Fig. 2a-c are symmetrical.  I t  was also possible
to generate unsymmetrical assemblies by taking advantage of dock-
ing of unsymmetrical components using shape-selective recog-
nit ion; Fig. 2d is a demonstrat ion of the principle. The assembly
of complementary shapes is integral to the formation of most
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cornplex biological systems. Our demonstrat ion indicates that the
same strateg,v can be applied to non-biological assenrbl ies.

This rvork establ ishes that shape-selective recogrt i t ion of surfaccs
and r-ninimiz-at ior-r of interfacial t ice enersies can be conrbinccl to
prov ide a s t ra tegv for  i rssembl ing snra l l  conrponcnts  in to  thrcc-
dime nsional assenrbl ies. Bccirr-rsc i lssoci. l t i ()n is rr ' r 'c lsible ,  thc
system is self lrepair ing; thc cxperl l l lst- l ts clescri trecl herc usuallv
result in cluanti tat ir ,e fbnnation of correctly assembled objects.
We bel iei 'e thirt  n'e n, i l l  be able to assenrble smaller structures
usir.rg thc sirrne or a similar rnethodology, and that we wil l  be able
to br-r i ld functional devices. T
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