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Self-Assembly of Mesoscale Obiects into
Ordered Two-Dimensional Arrays
Ned Bowden, Andreas Terforl, Jeff Carbeck,

George M. Whitesides*

Regular arrays of topologically complex, mill imeter-scale objects were prepared by
self-assembly, with the shapes of the assembling objects and the wettabil ity of their
surfaces determining the structure of the arrays. The system was composed of solid
objects floating at the interface between perfluorodecalin and water and interacting by
lateral capil lary forces; patterning of the wettabil ity of the surfaces of the objects directs
these forces. Self-assembly results from minimization of the interfacial free energy of the
liquid-l iquid interface. Calculations suggest that this strategy for self-assembly can be
applied to objects on a micrometer scale.

Thir report tlcscribcs the directetl self-as-
sembly of small  objects (betu'een I ar-r. l  l0
mm in lcngth) into regrr lar, tu,o-dirncnsl()n-
al ilrrays. lt cxtcnds ir'leils emcrging tr( )nl
molecular self-asscrnl-,1r. t,r u'rLrch lrrrger ,r1-'-
jects ancl describes an apfr()acl-r firr the thh-
r icat ion of complcx svstcrns thi l t  has poten-
t ial  for appl icat ion in micnrelectronics, op-
t ics, microelectromechanical systcms, and
displays ( l) .  These self-assembled systerns
have analogies to bubble rafts (2, 3) and
related aggregates formed by spheres on slrr-
faces (4, 5); they dif fer in that the use of
nonspherical objects with designecl shapes
and wettabi l i t ies makcs i t  possihle to gen-
erate aggregates u' i th complex stnlctLrres.

The individual objects \\rere rnaele of
polydirnethylsi loxane (PDMS), a h\ ' .1r, ' ,-
phobic polymer with a surface free energr'

Deparlment of Chemistry and Chemicai Biology, Harvard
University, 12 Oxford Street, Cambridge MA 02138,
USA
-To whom correspondence should be addressed.

( l r r  )  c . l t ra l  to  l l  to  l '1  crg  cr l )  -  (h  i )

F i rs t .  thc  Pt )N1S \ \ ' r l :  c r .u ' t ' t l  ln  , l  n r ( ,1 .1  , , t  the
.lc: ir t . l  .hl t1.t .  [)c. igt-t , t tr ' .1 . t t l - tr l r- t '  \ \ ' r ' l -r '
thcn nr,r. lc l-rr ' . l rol.1-r i l ic 1.r '  . . ,r i . l r t t t() lr  \ \  i th
an ( ) .  p lasmir  (6 ,  9) ;  s r r r t i rces thut  nr re  t t r
he h1'.lrophobic were either coveretl u'itl 'r
tape before the oxiclation or gener:rtetl h1,
cutt ing of the PDMS :-rf ter oxidation to
exposc a fresh hyclrophobic srrrfilcc. For
each of rhe objects in Fig. 1, rhe krwer f irce

[the face in contact rvi th thc perf lu,rrt , t leca-
l in (Cr..Frs)l  \ \ 'as hvtlrophol- ' ic, rn,, l  the
sides lvere eit l ' rer 1-rvJr,rpl-r, ,hic or 1'rr ' . l ropl-r i l -
ic i lccort l ing t() t1-rc . lcsign strmmrrri :ct l  in
thc i t- tscts. Tl-rc trp1.g1't irce u' i ts trstut l l r  t ' t tr t . lc
hr ' . l ropl 'r i l ic t() pre vcnt i l l r \-  Clr. .Fr, trour sct-
t l ing .. ,r-r top .. ,1 1[-rc , lh1ccts anrl  cirrrsi lrg thcm
to sink ir-rto the ( lr . .Frs-HtO ir-rtcrt irce . Tl-re
C,.F,. u'etted the hy.lrophobic si. les i lnt l
forrned menisci; the hydrophilic sides hirrely
perturbed thc C,.-,F1n-H,O intcrface (10,

LI).  The system u'as placcd on a rotzlry
shaker that osci l lated gently in the planc of
the interface. The freoucncr, of rotirtion u'as

adjustccl for each system to alkrw the in-
plane movement of the liquid to bring the
objects ckrse to one another and to break up
rnisformed aggregates; a typical frequency
wa-* 1 to Z Hz. \Uhen two hydrophobic sides
of PDMS carne within :i critical dist:rnce of
t ' rnc another (-5 mm), they moved into
contact. This rnovement was clriven by rhe
rninimiz:rtion c-rf the interf:rci:rl free energy
of the svstem, c:trsed by elirnin:rting the
crrn'ecl rnenisci at thc hydrophohic surfaces.
A thin l : iyer of C,oF,. retnained between
,l- ' tg 11[jccts, cvcn at their ckrsest contact
( l-?). Selt- irsscrnhl,v u'as completed after -5

t t I  Jr,r t 'ui t- t .

^{ r- irr ictr.  , , f  self- irssernbled arrays can be
n'nt lc l .r .  c. ' l r tr , , l l ing the hyclrophobicity of
rhc :. i , . lc:.  of rhc 111.: jects (Fig. 1A). The
c()nr r i rs r  l .c r$ ' rc | r  F ig .  1B and F ie .  1C dcm-
( )n \ t l ' i r t r \  thc  lcvc l  o f  cc tn t ro l  that  we can
, r t l r i t ' r t ' :  I n  F rg .  1 I l ,  a l t e rna te  s i des  o f  t he
h. 'r ,rg,, ,n. ,rrc hr.. l r . ' ,1-,1-rohic and thc objects
torn l  r t t r  ( ) |c l l  l l c t \ \ 'o rk ;  in  F ig .  1C,  a l l  t l f  the
:tt lcs of thc lr t l rg,) lr \  i rrc l-ry. lrophobic ancl
1l1g 1rl-r lects f irnn i l  cl()\e-pirckccl arra-v.

A sl-npc-sclccrir .c hrck-and-key geome-
trv al lor i 's thc tortnrrt i tr l ' I  of rtggrcgatcs from
rnore than ( )nr  c( ) l l r f ( )ncnt  (F ig .  Z ,  A
thnlrgh C). The l . , l r lgcts ir-r Fig. 2A have
thre e favorablc choices f ()r c()nt: lct (Fig.
2C). The arnpl i tu. le of trsci l l r t ion of the
svstem during cqLri l ihr ir t i () l)  \ \ ' i ls sct to be
l: lrge enotrgh to break irpart pl irs interact-
ir-rg hearl-to-hei-rd ancl tai l- t t i - tai l  bLrt to
lcar,e together those inte ractir-rg lnore
stronsh, head-to-t:r i l .  Hcatl-to-t i l i l  contact
rs favorcd energetical l l '  hy, nlo complemen-
tary f:rctors: it maxitnizes thc :rrea of hydnr-
phobic surf i lce in ckrse proxrmity; and i t  is
kinetical ly stable to dissoci: i t ion c:rused by
stirr ing, bcciruse the osci l lat ing motion :rt
the irrterface-ir rnotion that seems to in-

J t

t

-+ f]

Fig. 1. Crystal l ine aggregates generated by the self-assembly of (A) crosses.
(B) hexagons in an open network, and (C) hexagons close-packed. Panel (A)
shows an extended two-dimensional square array formed from crosses
having hydrophobic ends; the two crosses with arrows pointed toward them

were completely oxidized: these pieces were rejected by thc array. They
clear ly show the shape of  the indiv idual  p ieces.  Hatched faces in the insets
indrcate hydrophobic surfaces and whi te faces indicate hydrophi l ic  surfaces.
The top faces are c lear and hydrophi l ic .
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flr-rence tl-re objects primarily by shear-hers
minin'rill intlrrer-rce on ptrirs of objects once
asscmhle.i info :r hea,-'l-to-tail configuration.

A thir.l rncthotl firr self-assembly uses
the zrrea ,rf hv.lropl-robic sicle surfaces, trntl
thus the strcngth of thc attractivc capillirry
fcrrce, to direct thc se lf-assernbly of different
ohjccts (Fig. 3, A thnrLrgh D). A mixture of

two types of PDMS objects with the sarne
square birses, but heights that diffcrcd hy' a
factor of 5, r.vere agitated ;rt thc interface
hetwecn C,oF,6 ancl u'ate r.  The orcler of thc
attractiVc furccs ir-r thc systeln w:ls tall-
tal l  > tal l-short ) short-short.  The . legree
of asitat ion wirs set to alkru' the tal l  ob-
jects to ftrnn irn :rrray; rvhen :rgitiltion n'as

1 c m

tr{

F i g ,  2 ,  - - - r - ' r ' -  I  " c .  r r  ' -  l  :

f o rmed  f ro r l  one  t ype  o f  con rpo l re r :  A  , . ' - . r  '  ' ' '

two di f ferent  types of  components iBi  C i ' re

three possib i l i t ies for  favorable assemb y of  t r ,vo
objects in (A),  Al though in the ta i l - to- ta i l  arrange'
ment in (C) no hydrophobic surfaces are in con-
tact, this interaction was observed to be important
because the menisci  are brought c lose enough

togethe" to rnteract ,  Dark faces in the rnsets in (A) and (B) indicate hydrophobic s ides and whi te faces
indicate hydrophi l ic  s ides.  The top faces are c lear and hydrophi l lc .

stoppcd, the short objects coagul:rtecl
arouncl this arrray in :i disorrleret'l st:lte.

Thc above experitnentb \\'erc crrrrietl out
u' i th objects har. ' i r-rg cl imensiorrs of 1 to 10
mm. We investigirterl  the lower l i rnits to the
size of thc ohjects thirt  coLrld [" 'e assernhle.]
h), latcral capi l lary,forces zit  the Cr..Frs-H,C)
ir-rterface by calctrlating the change ir-r in-
terf:lci:il free energ)' i1s t\\'tr pcrpcnrlictrlar
srrrf:rces rnor,ed frorn infinite separation tt)
some f inite sep:rrat ion, d. We calculatc. l  thc
l-reight h ( in metcrs) of the ( lr .- ,Frs-HrO

interfirce hetr.vccn thc two objects using the
l inearized Lapl:rce eqtr:rt ion (13) (Fig. 44.)

d :h  I
( l1 rgh -  lP . ' l

r /r  f

l lhere ry ( in joules per sqlurre rneter) is the
interfacial free encrgy, Ap ( in kikrgrarns pcr
cubic meter) is the rlifference in rlensitl'
hctween the til 't 'r flLritls, the :ero frrr h is sct
at the C'1F,.-H,O inferfacc far frotn thc
ohjccts, g ( in metcrs pcr secr) lrd pcr scconcl)
is the lrccelerat i t 'n r lrrc to gravity, antl  IP,..
( in  l . r rsc ' r ls )  is  t l ' rc  changc in  prcssurc  acr ( )s- \
t l r t '  intcrtrrcc i l t  \  :  t t l .  I f  u'e i lssigt-t  a vit lue
,,1 h(tr) -  .r ,  rhcr-r thc vlrh-rc of 1P,-.,  ckres not
t 'n t r ' r '  l l r t ( \  thc  s t r l t t t io t ' t  o f  Eq.  1 .  Us ing thc
1. ,  r l i l l . l r t r ' \  . ( ) l t \ l i r i ( ) l t5  h( r )  :  r ,  u 'hcrc  r  ( in

nr( ' t ! ' r ' \ )  r .  the thrckncss of t l -re ol-, ject and

1;ih/nr).  . .  :  f ,  uc f ir-r. l  r l -rat t l -re solut iou of
Et1.  I  i :

|  )  c '  \ i \ ' ) +  e ( r i \ ' )  I
h(r) : tl a=r- f ,rr,. r .r rr:' _l 

(2)
L '

( l )

A  , ' '*Y

| .'' ,/''-
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t  - . . '

t

B - r  n
X

1 0  1 5
d ( m m )

Fig. 4. (A)The coordinate system for Eqs. 1 and2.
The oblects have a height of I and a width of w -

5f .  and their proximate surfaces are separated by
d. (B) The iogarithm of the change in intedacial
free energy-divided by thermal energy, kT-in
bringing two surfaces from inf inite separation to a
f  in i le  senara t ion  d  i s  n ln t tp r - l  fn r  hp inh tq  f rom t

I  mm to  100  nm.

l c m

H
n

Strength of interaction
{

flE,I_-
Fig.3.  Sel f -assembly based on di f ferent  heights.  The
two components are ident ical  except for  their  herghts.
and their  s ides are hydrophobic.  The lght  gray ob-
jects in (A) and (B) have a height  of  2.5 mm and the
dark gray oblects have a height  of  0.5 mm. In (A) the
objects have just  begun to assemble.  Af ter  2O min
n f  a n i t : i i n n  i h o  n h i o n i e  i n  / R \  h : r r o  q 6 4 6 6 a r f n r J  i n t n
u r  a v r r a L r u r  l .  i l  r u  u u J U U r o  i l  |  \ u /  |  r q v 9  0 9 v r E u d L U U  l l  l t \ J

two regions: a crystal l ine central array of the tal ler
ohicr:ts qr rrror rnr^ipd hv a r^l isorclered cnl leCtiOn Of the

smaller ones. (C) A schematic view of the interaction of the objects of different heights. (D) Side view of
the three di f ferent  interact ions when two pieces of  PDMS with d i f ferent  heights are assembled.  The
strength of interaction increases from right to left.
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where we h:rve mirtle the replacelnent .xc :
(ry/Apg)1/r.  Fc-,r inf ini te d thc capi l lary strr-
face is given hy a sirnple exponential clecay
n ' i th  h(x)  c< g( - r / r ' ) .

To cstimate the change in interfacitrl
energy :rs a function of dist:rncc, u'c calcu-
l:-rtecl the difTcrence in the i-rrc length A{ (in
meters), defined bv h(x) fcrr two surfaces
separated by d and two surfzrces scparated by
an inf inite distance; the chnnge rn arc
length was then rnultipliecl by the wicith of
the object r ( in meters), an.l  thc interfaci ir l
free energy to yield the change in intcrfaci:rl
f ree energy (14) .As a mot le l  systcm,  we
:rssigned a lcngth to the perpendicular sur-
f i lce equal to f ive t imes the hcight. This
rnodcl girve Lr chtinge in interft-rcial free en-
ergy, AVt/, of AV/ : 5A{1r. Fnrm the
ch:rnge in interfacial frcc cnergy tor heights
from r :  1 mm to 100 nrn (Fig. 4B), wc
conclucle that the encrge'tics frrr self-:rssern-
bly arc favorable for objects with r ils sm:rll
as 100 nm. For the two-dirnensioni l l  self-
assernbly of spheres, the rat l ius at which
AWkT - I (rvhere kT is the thenni-rl en-
ergy) has heet-r calctrlated to bc on the orcler
o f  1  t o  1 0  p m  ( 1 5 ,  1 6 ) . S e l f - a s s c m b l y
. lr iven by c:rpi l lary forces between confor-
tnal surf:rces sholr ld therefore m:rkc p()ssr-
blc the assernblv of rnuch srnal ler ohjccts
than wor.r ld be possiblc u' i th spl-rcrcs; thc
abi l i ty to contnrl  thc sl ' rapcs r lr t l  inrerf ' r i -
c i a l  p rope r t i c s  o f  t l - r esc , l l . j c c t :  n r i r kcs  i t
poss ib le  to  des ign thc gcon-rc t r ic '  o f  the
rcsult ing arrays.

Frtur factors contr i l - 'utc t() thc strcce:: r , t
this stratcgy for the directc. l  sclt-asscml. l) .  of
small  objec-ts. Firsr, the Llggrcgates irre encr-
getic:rlly morc st:rhle thirn the indivicluirl
dissoci:rted objects or .lisortlcred :rggregates.
Second, formation of the aggreg:rtes is re-
versihle when thc svstem is :,rgitatecl: ft)rmil-
t ion and dissociat ion of the aggregittes com-
pete. The aggregates ?rre thcrcfore al-,le to
rcach the energctical ly '  nost st ir l - ,1e t,rru-r.
Thircl, the hyclnrphobic sirles :rrc irtfrircterl
t() one another over largc ,- l istances (ahoLrt
t\,v() to three tirnes thc elirr-rension of the
height),  leadir-rg fo rel ir t ively rapi i l  assern-
blv. Fotrrth, even u'hen two hydrophc'rbic
sides :rre in ckrse proximity, they ci,rn move
laterally fnrm side to sidc, lubrici-rted hy the
inten'ening f i lm of C,,. ,F1s, irnd can thus
rnaximizc the amount of hvdronhobic arc:r
rn cc)ntact.
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