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H igh aspect-ratio (HAR) micropillar arrays have many interesting and technologically important applications. Their prop-
erties, such as large mechanical compliance, large surface area, and a topography that is well-separated from the under-
lying substrate, have allowed researchers to design and explore biomimetic dry adhesives, superhydrophabic, superoleophobic,
and tunable wetting surfaces, mechanical sensors and actuators, and substrates for cell mechanics studies. However, the
mechanical compliance and large surface area of the micropillars also make these structures susceptible to deformation by
adhesive and capillary surface forces. As a result such micropillars, particularly those made from soft polymers, can prove
challenging to fabricate and to use in various applications. Systematic understanding of these forces is thus critical both to
assemble stable micropillar arrays and to harness these surface forces toward controlled actuation for various applications.

In this Account, we review our recent studies on the stability of HAR polymeric micropillar arrays against adhe-
sive and capillary forces. Using the replica molding method, we have successfully fabricated HAR epoxy micropillar
arrays with aspect ratios up to 18. The stability of these arrays against adhesive forces is in agreement with theo-
retical predictions. We have also developed a new two-step replica molding method to fabricate HAR (up to 12) hydro-
gel micropillar arrays using monomers or monomer mixtures. By varying the monomer composition in the fabrication
process, we have fabricated a series of hydrogel micropillar arrays whose elastic moduli in wet state range from less
than a megapascal to more than a gigapascal, and we have used these micropillar arrays to study capillary force
induced clustering behavior as a function of the modulus. As a result, we have shown that as liquid evaporates off
the micropillar arrays, the pillars bend and cluster together because of a much smaller capillary meniscus interaction
force while the micropillar structures are surrounded by a continuous liquid body. Previously, researchers had often
attributed this clustering effect to a Laplace pressure difference because of isolated capillary bridges. Our theoretical
analysis of stability against capillary force and micropillar cluster size as a function of pillar elastic modulus agrees
well with our experimental observations.

The fabrication approaches presented here are quite general and will enable the fabrication of tall, stable micropillar
arrays in a variety of soft, responsive materials. Therefore, researchers can use these materials for various applications: sen-
sors, responsive wetting, and biological studies. The new insights into the capillary force induced clustering of micropillar
arrays could improve rational design and fabrication of micropillar arrays that are stable against capillary force. In addi-
tion, these results could help researchers better manipulate capillary force to control the assembly of micropillar arrays and
actuate these structures within novel devices.

Introduction Figure 1a) present many unique features, includ-

Arrays of high-aspect-ratio (HAR) microstructures ~ ing large surface area, a surface topography well-
(AR = ratio of height to lateral feature size, h/d, separated from the underlying substrate, and large
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FIGURE 1. Schematics of micropillar arrays (a) and their common
mechanical failure mechanisms: (b) ground collapse and (c) lateral

collapse due to adhesive forces and (d) collapse due to liquid
capillary force.

mechanical compliance. In Nature, these features have
resulted in evolutionary functions ranging from reversible dry
adhesion of gecko foot hairs' to the superhydrophobic sur-
face of lotus leaves.? Taking advantage of their small bend-
ing stiffness at the nano- and microscale, many researchers
have created arrays of HAR microstructures and investigated
their potential technological applications, including revers-
ible dry adhesives,® micromechanical sensors,* and actuators.”
The large surface area and spatially distinct surface topogra-
phy provided by tall micropillar arrays have been widely uti-
lized for creating superhydrophobic surfaces and their
dynamic tuning,®” DNA separation,® designing efficient bat-
teries,® and enhancing heat transfer.'® However, as the dimen-
sions of microstructures decrease and their aspect ratio
increases, the surface area to volume ratio also increases sig-
nificantly. Thus, the HAR microstructures become increasingly
susceptible to surface forces, such as adhesive force between
the microstructures'' and liquid capillary forces when
immersed and dried from a liquid,'? leading to pattern col-
lapse (Figure 1b—d). Recently, these forces have also been uti-
lized to self-assemble hierarchical superstructures.''*
Systematic understanding of the effect of adhesive and cap-
illary forces on the stability of HAR micropillar arrays is there-
fore critical to both the fabrication of high-fidelity HAR
micropillar arrays and their manipulation for a wide range of
applications.

HAR micropillar arrays have been fabricated by a variety of
top-down and bottom-up assembly based methods, including
photolithography, e-beam lithography, soft lithography, template
lithography from block copolymer thin films and colloidal assem-
bly, and templating from anodized alumina. Detailed discussion
can be found in a recent review by del Campo et al.'> These
methods, however, are often limited by (a) stiff inorganic mate-
rials or materials with specific chemical functionality, (b) random
defects, and () a certain geometry and lateral dimensions. For
example, polymer microstructures with aspect ratio up to 15
have been fabricated before using soft lithography but with fea-
ture sizes typically in the range of tens to hundreds of micro-
meters.'®~'? In addition, many of the methods are not suitable
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for large-area fabrication or require multistep expensive pro-
cesses. Compared with stiff inorganic materials, polymeric micro-
pillar arrays offer many attractive properties, such as
biocompatibility, tunability and responsiveness. Thus, a low-cost
and high-fidelity fabrication method for polymeric micropillar
arrays is highly desirable.

Using replica molding, we have fabricated HAR pillar arrays
in polymeric materials, such as epoxy,?° polyurethane,® and
hydrogels,'® with lateral dimensions ranging from 300 nm to
1 um and aspect ratios up to 18 (Figures 2 and 3). By con-
trolling the geometry and mechanical properties of these pil-
lar arrays, we studied the stability of such structures against
surface forces, such as adhesive?° and capillary forces.?'%2
Specifically, we have re-examined the capillary force induced
clustering of tall micropillars and shown that when a liquid is
evaporated off the micropillar arrays, the pillars cluster
together due to a much smaller capillary meniscus interac-
tion force rather than due to the often-cited Laplace pressure
difference because of isolated capillary bridges.?" The stabil-
ity analysis presented here provides insights and guidelines to
fabricate and manipulate HAR micropillar arrays by tuning
their geometry and mechanical and surface properties; there-
fore, it will open up new avenues of applications of tall poly-
mer pillar arrays and their clusters.

In the following sections, we present some of our recent
results on fabrication of polymeric micropillar arrays, study of
their stability against adhesive and capillary forces, and an exem-
plary application of HAR hydrogel pillar clusters as ultrathin whit-
ening layers. Finally, we conclude with a future outlook.

Fabrication of Polymeric Micropillar Arrays
Fabrication of Epoxy Micropillar Arrays.”® The epoxy
micropillars, including cone-shape, circular, and square cylin-
ders, were replicated from the corresponding Si masters
through poly(dimethylsiloxane) (PDMS) negative molds. The
width (or diameter), d, of the Si pillars ranged from 300 nm
to 1 um, the height h ranged from 7 to 9 um, and the spac-
ing w between pillars ranged from 400 nm to 1.32 um.

In the molding process, liquid precursors infiltrate into the
mold channels by capillary action, and the complete filling
time ¢ can be estimated as

21,,h?

=Ry cos 0 )

where #n, is the viscosity of the molding liquid precursor, R is
the hydraulic radius of the pores, yn, is the surface tension of
the molding liquid precursor, and 6 is the contact angle
between the molding liquid and the surface of the mold chan-
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FIGURE 2. Scanning electron microscopy (SEM) images of epoxy micropillar arrays fabricated by replica molding method: (a) conical
micropillars, h = 7 um, d (tip) = 300 nm, d (bottom) = 680 nm, w = 1.32 um (at base); (b) circular cross-section micropillars, h = 9 um, d = w
= 500 nm; (c) square cross-section micropillars, h = 9 um, d = w = 1 um; (d, e) fine features on the conical micropillar arrays (d) as

replicated from the features on the original silicon micropillar arrays

(e).
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FIGURE 3. (a) Schematic illustration of the fabrication of hydrogel micropillar arrays by the modified replica molding process. (b—d) SEM
images of PHEMA hydrogel pillar arrays in three different geometries: (b) pillars with square cross-section, h = 9 yum, d = w =1 um; (0
pillars with circular cross-section, h = 9 um, d = w = 750 nm; (d) conical micropillars, h = 7 um, d (tip) = 350 nm, d (bottom) = 750 nm, w =
1.25 um (at base). Scale bar in panel b applies to all the SEM images.

nel. Lower contact angle (i.e., higher wettability) of molding lig-
uid on PDMS mold is preferred for complete filling at a shorter
period of time. For the deepest pores (h = 9 um), the required
complete filling time of epoxy is estimated as ~0.1 s. Typi-
cally, the epoxy liquid was left on the PDMS mold for =2 min.

Because of the elastomeric nature and low surface energy
of PDMS, the mold could be easily separated from the cured
micropillars without damaging either the replicated structure
or the mold. The porous nature of the PDMS and high sur-
face area to volume ratio of the HAR channels in the mold
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allows easy diffusion of air within the channels while mold-
ing, resulting in bubble-free replication of the micropillars in
various geometries with aspect ratio up to 18 (Figure 2a—c).
A comparison of the fine structures present in the original Si
micropillars to those in the epoxy replica (Figure 2d,e) fur-
ther demonstrates the high fidelity of the molding process.
Fabrication of Hydrogel Micropillar Arrays.'>?? Be-
cause of their biocompatibility, softness, and porous nature,
hydrogels are of interest in living cell studies and tissue engi-
neering. Their chemical nature can be easily tailored, and
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TABLE 1. Comparison of Theoretical and Experimental Stability of Epoxy (E ~ 3 GPa) and Polyurethane (E ~ 138 MPa) Micropillar Arrays

against Lateral Collapse Due to Adhesive Forces

pillar array geometry

epoxy polyurethane

pillar

critical aspect ratio

critical aspect ratio

cross-section d (nm) w (nm) aspect-ratio and predicted stability observed stability and predicted stability observed stability
circular 750 750 12 21.3 (stable) stable 8.1 (unstable) stable
circular 500 500 18 18.6 (stable) stable 7 (unstable) unstable
circular 400 400 22.5 17.3 (unstable) unstable 6.5 (unstable) unstable
circular 400 650 22.5 22 (unstable) unstable 8.4 (unstable) unstable
square 1000 1000 9 12.4 (stable) stable 6 (unstable) stable

many of them are sensitive to external stimuli, such as pH,
temperature, and electric field making them attractive for
applications in sensors and actuators. We fabricated various
poly(2-hydroxylethyl methacrylate) (PHEMA)-based hydrogel
micropillar arrays,'®?? where the mechanical property and
chemistry of the final structures can be tuned by altering the
starting monomer compositions. However, directly molding
hydrogels from their monomers using PDMS molds was found
to be problematic. Not only did the monomers easily diffuse
into the molds, but the oxygen dissolved in the mold could
diffuse in the molding material and inhibit the free-radical
polymerization and cross-linking of the gels within the PDMS
channels. These problems become even more critical in the
case of HAR pillar arrays, where their large surface area to vol-
ume ratio enhances the diffusion of oxygen and monomers.
To prevent this problem, we modified the molding process
and fabricated the hydrogel HAR pillar arrays in two steps (Fig-
ure 3a).'® First, the monomers were mixed with photoinitia-
tor and partially polymerized under UV light to obtain a
viscous molding precursor. In the second step, this precursor
was molded and UV-cured after adding cross-linker and addi-
tional photoinitiator. The increased viscosity of precursor lig-
uid effectively prevents both the monomer diffusion in the
mold and the oxygen diffusion in the molding precursor.
Using this method, we have fabricated hydrogel micropillar
arrays in three different geometries with aspect ratios up to 12
(Figure 3b—d) from a variety of monomers, including 2-hy-
droxyethyl methacrylate'32? (HEMA), N-isopropylacrylamide'3
(NIPA), ethylene glycol dimethacrylate (EGDMA),"® and methyl
methacrylate (MMA).?2

Stability of Micropillar Arrays against
Adhesive Force

As seen from Figures 2 and 3, the fabricated epoxy and
hydrogel HAR micropillar arrays are stable in air, which can be
attributed to the high elastic modulus of the pillars (see also
Tables 1 and 2). For example, the modulus of cured epoxy
and hydrogels is ~3 GPa and >1.5 GPa, respectively. We also
fabricated pillars in materials with lower elastic modulus, such

TABLE 2. Comparison between Measured Elastic Modulus and
Critical Modulus for Stability against Lateral Collapse for the Stable
Hydrogel Micropillar Arrays

critical modulus for collapse, E, (MPa)

Young's
surface energy, square circular conical modulus,
ys (MN/m)  cross-section  cross-section micropillars  E (MPa)
PHEMA 33.440.1 584 380 83 1790 £ 12
PHEMA- 327403 572 373 82 1825+8
(0-PNIPA
PEGDMA 37.6+0.2 658 429 94 1582 + 26

as polyurethane (~138 MPa) and PDMS (~1.7 MPa)?° to bet-
ter understand the stability of micropillar arrays. Hui et al.
have suggested that soft, HAR microstructures, such as from
PDMS, can buckle under their own weight.?® The critical
height of the microstructures, h., above which they are unsta-
ble against the gravity induced buckling, is given as
2\ 173
h.— (0.49Ed ) )
rg

where d is the diameter of the micropillar, E and p are the
elastic modulus and density of the micropillar material, respec-
tively, and g is the gravitational acceleration. However, as
Roca-Cusachs and co-workers pointed out,** according to the
gravitational model of collapse (eq 2) the critical aspect ratio
for stability, (h/d)., scales as d~"'3, suggesting that as the diam-
eter decreases, the pillars should be more stable at higher
aspect ratios. In particular, as the diameter tends to zero, the
stable aspect ratio tends to infinity, which is clearly not true.
Instead, Roca-Cusachs et al. suggested that at smaller dimen-
sions, (sub)micrometer regime, adhesion between the pillar
and the substrate and between the pillars themselves domi-
nates over gravity and becomes the main cause for ground
collapse (Figure 1b) or lateral collapse (Figure 1c) of the micro-
pillars. By balancing the bending energy of the ground col-
lapsed micropillar with the energy of pillar adhesion to
the substrate, Roca-Cusachs et al.>* derived the expression
for the critical aspect ratio, (h/d)., for ground collapse, below
which the micropillars are stable,
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h _ 77 2-16( _E \B o5
al= 5t = (5 ) 3)

where v is the Poisson’s ratio for the pillar material and yq, is
the surface energy of the pillar material.

Additionally, the micropillars can bend laterally and adhere
to the neighboring pillars. The lateral collapse is more domi-
nant in high density arrays, where due to small interpillar dis-
tances, only a small amount of bending is required for the
pillars to adhere together. By balancing the bending energy
and the energy of deformation (to make adhesion over a finite
area) of laterally adhered pillars with their energy of adhe-
sion, Glassmaker et al.'" derived expressions for the critical
aspect ratio against lateral collapse for pillars with circular
cross-section,

Q) _ 33/4.7'[EW3/2 13
dlc 21/432)/5\/(-1 _ v2)1/4d]/2

(4)

and for pillars with square cross-section,

h(3EwR\"
d )c - (80%) ®)

where w is the lateral separation between adjacent micropil-
lars (see Figure 1). For a given micropillar array geometry, the
above equations can be rearranged to obtain a critical elastic
modulus, E (E: for lateral collapse and Eg for ground collapse),
below which the micropillars are unstable.

For the pillars with the smallest diameter and the highest
aspect ratio (d = 400 nm and AR = 22.5), E8 estimated by eq 3
is ~117 MPa, smaller than the moduli of epoxy, polyurethane,
and the hydrogel systems. In agreement with the theory, exper-
imentally all the epoxy, polyurethane, and the hydrogel micro-
pillar arrays were stable against ground collapse whereas PDMS
pillars, which had a much lower modulus, ~1.7 MPa, did col-
lapse to ground due to adhesive force (Figure 4a). The epoxy and
polyurethane pillar arrays could collapse laterally depending on
their geometries (Figure 4b). Tables 1 and 2 summarize our com-
parison between the theoretically predicted (from eqgs 4 and 5)
and experimentally observed stability against lateral collapse in
different systems of polymer pillar arrays. Good agreement
between the experimental observation and theoretical predic-
tion shows that the balance between adhesive and elastic forces
can be controlled by manipulating the geometry and elastic
modulus of the pillar arrays. For a given aspect ratio and
material, stability can be increased by either increasing the int-
erpillar spacing or decreasing the surface energy of the pillars.
We demonstrated the latter point by partially restoring the col-
lapsed micropillars?® through treating them with low surface
energy supercritical CO.
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FIGURE 4. Failure mechanisms observed in various fabricated
polymer pillar arrays: (a) PDMS nanopillar array (h = 9 um, d = w =
500 nm) ground collapsed due to adhesive forces; (b) polyurethane
nanopillar array (h = 9 um, d = w = 500 nm) collapsed laterally
due to adhesive forces; () PEGDMA micropillar array (h = 7 um, d
(tip) = 350 nm, d (bottom) = 750 nm, w (at base) = 1.25 um)
collapsed due to ethanol capillary force; (d) PEGDMA micropillar
array (h = 9 um, d = w = 750 nm) clustered in a regular pattern
due to ethanol capillary force.

Stability of Micropillar Arrays against
Capillary Force

In many applications, such as biological studies and micro-
fluidics, and fabrication processes, such as photolithography,
the pillar arrays are exposed to liquid and can collapse due to
capillary force when the liquid evaporates off their surface. For
example, when ethanol was evaporated off the PEGDMA pil-
lar arrays, the pillars clustered together (Figure 4¢,d). On the
other hand, capillary force can be utilized to assemble peri-
odic superstructures as demonstrated by us'? (Figure 4d) and
others.’ In this section, we focus on the capillary force
induced clustering of micropillar arrays.

Capillary Force in 2D Arrays of Micropillars. In gen-
eral, the capillary force is proportional to the liquid—vapor
interfacial energy v and results from the tendency of a sys-
tem to minimize the sum of the three interfacial energies,
liquid—vapor (y), solid—vapor (ys), and solid—liquid (yg), which
are related to each other through the Young's equation, ys, —
ys — y €os 6 = 0, where 6 is the equilibrium contact angle.
The exact expression for the capillary force, however, depends
on the geometry of the system and gives rise to a range of
phenomena, such as collapse of photoresist patterns due to
negative Laplace pressure of capillary bridges,®> buckling of
microfilaments due to liquid surface tension,?® coalescence of
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FIGURE 5. SEM image of epoxy pillar arrays (d = 0.6 um, h = 4.8
um, w = 0.9 um) collapsed by polystyrene melt.

fibers driven by reduction in liquid—vapor surface area,?”*®
and aggregation of particles partially immersed in or floating
on a liquid surface due to lateral forces arising from capillary
menisci interaction.?® All of these phenomena, though equiv-
alent in terms of the driving force arising from minimization
of total surface energy, are very different in terms of geome-
try and magnitude of the forces.

In the literature, distortion of one-dimensional (1D) arrays of
tall line patterns, when a liquid is evaporated off the surface, has
been explained by Laplace pressure difference due to isolated
capillary bridges formed between the structures.?> The same
argument is often extended to explain the instability of two-di-
mensional (2D) arrays of micropillars.°~3# Occasionally, the col-
lapsing behavior of 2D micropillar arrays has been attributed to
lateral forces arising from interaction between capillary menisci
formed around the microstructures,® and often no distinction is
made between these two approaches.

In our recent work,?" we showed experimentally that in the
case of 2D arrays of micropillars, when a liquid is evaporated off
their surface, the clustering should be attributed to the lateral
forces resulting from capillary menisci interaction rather than to
Laplace pressure difference due to isolated capillary bridges. Our
calculation indicates that the capillary meniscus interaction force
can be more than an order of magnitude smaller than that
obtained by assuming Laplace pressure difference due to capil-
lary bridges. Consequently, the critical elastic modulus neces-
sary for the stability of the micropillars is much smaller.

We used short chain polystyrene (PS) melt (M, = 1.79 kg/mol
and PDI = 1.06) as the wetting liquid on epoxy pillar arrays (2D
square lattice, d = 0.6 um, h = 4.8 um, w = 0.9 um) to study
capillary-induced collapsing behavior and to directly visualize the
liquid morphology between the pillars. The key observation (Fig-
ure 5) was that when the liquid PS is evaporated off the micro-
pillar arrays, the pillars collapse while still completely surrounded
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by PS liquid except at the tips. The absence of isolated capillary
bridges between the pillars and the fact that a continuous liquid
body in equilibrium has a spatially constant Laplace pressure®*
indicate that Laplace pressure difference cannot explain the
observed collapse of pillars. Atomic force microscopy (AFM) imag-
ing of PS frozen in a mechanically stable, low-aspect-ratio micro-
pillar array further confirmed that the mean curvature, and thus
the Laplace pressure in the liquid surrounding the micropillars, is
constant everywhere. It should be noted that for 1D line pat-
terns, the Laplace pressure argument is valid because isolated lig-
uid between the lines could exist, resulting in different Laplace
pressures.

Indeed, even in absence of Laplace pressure variation, two
particles partially immersed in a liquid or floating on a liquid
interface experience a lateral capillary meniscus interaction
force3® (Figure 6a), which can be either attractive (when the
particles are both hydrophobic or both hydrophilic) or repul-
sive (when the particles have opposite wettabilities). This lat-
eral force arises because of the deformation of the otherwise
flat liquid surface due to presence of the particles. When two
particles of same wettability come closer, the overall defor-
mation of the liquid surface decreases due to overlap, giving
rise to attractive potential between the particles. The collaps-
ing mechanism of micropillars due to these lateral forces is
illustrated in Figure 6¢. Based on the equations given by Kral-
chevsky et al.,>® we derived an expression for the capillary
force between two cylinders partially immersed in a liquid as

a b
P, .
interaction force | |
- — (—g
>Ie M3
— —3
g
- 3
:
2y “—

l clustering

(iv) (iii)

MAAAAA 2= NNANA

FIGURE 6. Schematic illustrations of forces acting on two pillars, (a)
partially immersed in a liquid and (b) with an isolated capillary
bridge between them. () Mechanism of clustering in micropillar
arrays induced by lateral capillary meniscus interaction force.
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Fo=— BB_V[ZC _ _myd*cos® 0 6)
2\/p2 —d?
where W, is the capillary interaction energy of two cylinders,
d is the diameter of the cylinders, and p is the center-to-cen-
ter distance between them (Figure 6a). In the case of micro-
pillars, where one end is fixed on the substrate, the bending
torque . on the pillars due to the lateral capillary force is

. wyd*h cos® 0
¢ 21/ b? — 2

In the case of an isolated capillary bridge between the pillars
(Figure 6b), the Laplace pressure difference is approximately P, ~
(2y cos 0)/(p — d), and thus the torque on the pillars is

(7)

dh? cos 6
= md ®)

The ratio of two types of torques is

n_ 2n  [ptd o)
t. adcosON p—d

For a typical case of & = 60° and aspect ratio of 10, the
torque due to the isolated capillary bridge is at least 12 times
greater than that from lateral capillary meniscus interaction.
The large difference in the torques is reflected in a large vari-
ation in the estimated critical modulus for stable micropillar
arrays. It has been observed by us and others that in a square
lattice of micropillar array, the collapsing due to evaporation
of a liquid is initiated by groups of four neighboring pillars
clustering together.'>'%32 Thus, in a simple model, we con-
sidered four pillars partially immersed in a liquid on the cor-

a eo0-

e
stable, -
Rt

500

-
-

force, F

7 .- __-~"Tnstable
200 G |
P o i
100 A e i
" e i
R !
1,887 Fy |8
0 pt—r T T T T — T
0.0 0.1 0.2 03 0.4

deflection, &

ners of a square (Figure 7a, inset). By equating the capillary
force, F, to the elastic restoring force, F, of the bent pillars as
a function of pillar deflection, ¢ (Figure 7a), we obtained an
expression of critical modulus for stability of the micropillars:?'

5, 2 3
_ 3232y cos® 6h
Ecrit - 3d4 f(!') (1 0)
where f{r) is a function of r = p/d (see Figure 7b).
In comparison, for the same geometry, E; based on
Laplace pressure difference due to isolated capillary bridge
between the four pillars is given by,'337

E’..=[128yh*(3h cos 6 + w'sin 6 +

\9h? cos? 0 + 3hw' sin(20))]/[3xd*w)? (11)

Here, w = +/2p — d is the spacing between the diagonally oppo-
site micropillars. As an example, for epoxy micropillar arrays of
h=9um,d=0.75um, p = 1.5 um, and a contact angle 6 =
60°, Eqy is calculated as 2 GPa from eq 10, which is consider-
ably smaller than E; calculated as 27 GPa from eq 11.

It must be pointed out though, that in later stages of lig-
uid evaporation, there may no longer be a continuous liquid
body surrounding the micropillars and isolated capillary
bridges may likely form. However, such bridges will be near
the base of the micropillars, and thus will exert much less
torque compared with a capillary bridge spanning the whole
micropillar length.

Capillary Force Induced Clustering Behavior of Micropil-
lar Arrays. To test the above arguments, we prepared a series
of micropillar arrays in two different geometries, A (d = 0.75 um,
h=9um,andp=15um)andB({d=1um h=9um,p=2
um), from copolymers of PHEMA and poly(methyl methacrylate)

b -]

O T o T T T T T T T T T T T T 1
1.5 2.0 2.5 3.0 3.5 4.0 45 5.0

r

FIGURE 7. (a) A typical plot of capillary interaction force, Fc (solid line), and elastic restoring force acting on the deflected pillar, F¢ (dashed
lines). Increasing slope of F¢ corresponds to increasing elastic modulus E. Inset shows a schematic illustration of interaction between a group

of four pillars on a square lattice. (b) f{r) as a function of r = p/d.
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FIGURE 8. Elastic modulus in the wet state of flat PHEMA-co-PMMA
films as a function of MMA content.

(PMMA) and studied their capillary-induced clustering.?? The
micropillar arrays were soaked in water and dried in a stream of
air to induce clustering (Figure 6¢). Because PMMA is glassy and
does not absorb water, whereas PHEMA does, we tuned the
modulus of the micropillars in the wet state over 3 orders of
magnitude (~0.5 MPa to ~1.2 GPa) simply by varying the ratio
of HEMA and MMA in the molding precursors (Figure 8). As seen
from Figures 8 and 9, the cluster size decreases with increasing
modulus and decreasing aspect ratio.

Geometry A
h=9 ym,d=0.75 um, p=1.5 pum

67 W% MMA
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We analyzed the clustering behavior in terms of competition
between capillary meniscus interaction energy and the elastic
bending energy of the pillars.** As the pillars bend to form a clus-
ter, the interpillar distances at the tip decrease (Figure 10a), result-
ing in a decrease in the capillary energy according to eq 6 and
an increase in the elastic bending energy. In a cluster, since the
outer pillars (higher n in Figure 10a) have to bend more than the
inner ones (lower n), the bending energy per pillar increases with
increasing cluster size whereas the decrease in capillary energy
per pillar remains the same, resulting in @ minimum cluster
energy for a critical cluster size, N, given by

_ 64y cos” gh’ y

£ da*w?

(4n.— 1) In(N3 + 2) + (4n,— z)m(M)

V2 +1

(12)

8n> —n,
where the number of pillars in a duster N, = 4nc. Approximately
solving eq 12 in terms of N, reveals a linear relation between N,
and 1/E as

_ 273 cos® Oyh®

N
Ed*w?

c (13)

We plotted experimentally observed values of N. ver-

sus 1/E for both pillar array geometries A and B in Figure
Geometry B

h=9um,d=1pm,p=2um
" P . o

FIGURE 9. SEM images of PHEMA-co-PMMA micropillar arrays clustered by water capillary force.
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FIGURE 10. (a) Schematic illustration of micropillar array clustering in a square lattice. (b) SEM image of micropillars clustered in a square
lattice. (c,d) Micropillar cluster size as a function of the elastic modulus of PHEMA-co-PMMA micropillars in wet state for geometry A (c) and
geometry B (d). See description of two geometries in Figure 9. Dashed lines are linear fit (* = 0.99 and 0.98 in panels c and d, respectively)

to experimental data.

10¢,d. The linear fit to the experimental data by eq 13
yields contact angle (6) values of 72° for geometry A and
66° for geometry B, which were close to the measured 73°.
A different scaling of cluster size N. with the modulus E, N,
~ E~?3, has also been suggested,?®3# which results from
minimization of total energy of all clusters instead of a sin-
gle cluster. However, it requires intercluster interaction and
rearrangement to reach the minimum energy state for the
whole system, which is not possible in our system with rel-
atively low AR (9 for geometry B and 12 for geometry A,
respectively).??

Further, Eqi by eq 10 (based on capillary meniscus inter-
action force) is estimated as 714 and 226 MPa for geome-
tries A and B, respectively (6 = 73°), close to the
experimentally suggested range (see Figures 8 and 9). In com-
parison, E¢iw by eq 11 (based on Laplace pressure due to iso-
lated capillary bridge) is estimated as 16.7 GPa (geometry A)
and 4.1 GPa (geometry B), much larger than 1.2 GPa, for

which the micropillars in both geometries were found stable
experimentally (Figures 8 and 9).

Finally, as a proof of concept, we demonstrated the util-
ity of clustered micropillar arrays as ultrathin whitening lay-
ers. In traditional systems such as papers and textiles, the
whitening film thickness exceeds 100 um, and whiteness is
often enhanced by pigmentation or by fluorescent dyes.
Nature, however, provides elegant examples of structural
whiteness such as shown in the scales of white beetles,
where their color results from light scattering from a ran-
dom network of microfilaments that is only a few microme-
ters thick.*° Before collapsing, our micropillar arrays had a
colorful appearance due to Bragg diffraction of light (Fig-
ure 11a, left). After formation of random clusters, however,
the film appeared white due to random light scattering, like
the scales of the white beetle (Figure 11a, right). We char-
acterized the whiteness of the clustered arrays by measur-
ing the CIE lightness index, L (a scale of 0 to 100, O being
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FIGURE 11. Whiteness caused by randomly clustered PHEMA-co-PMMA micropillar arrays shown in Figure 9. (a) Optical images of

micropillar arrays before and after clustering. Two different colors in

panel a (left) result from Bragg diffraction from micropillar arrays with

two different periodicities. (b) CIE lightness index of the clustered micropillar arrays at different MMA contents.

black and 100 being perfect white) (Figure 11b). The white-
ness increased as the randomly clustered structure evolved
with increasing elastic modulus of the pillars, and we could
achieve a maximum L value of ~45 for our structures,
which were less than 9 um thick (the micropillar height). In
comparison, conventional uncoated paper has lightness
index of ~70 and is over 120 um in thickness.*°

The theoretical and experimental investigation presented
above regarding the critical elastic modulus and the clus-
ter size convincingly confirm that in 2D arrays of tall micro-
pillars, capillary meniscus interaction, rather than the
Laplace pressure difference due to isolated capillary
bridges, is the reason for clustering upon liquid drying. The
above analysis can be utilized to achieve capillary-based
controlled assembly and actuation of pillar arrays. For
example, ordered assembly as shown in Figure 4d can be
achieved in square lattice and other geometries by design-
ing pillar arrays close to their critical modulus for stability
(eq 10). Further, the pillars can be actuated from clustered
to unclustered states by using responsive materials for pil-

lars and dynamically varying the environmental stimulus
for actuation.>'*

Conclusion and Future Perspective

In this Account, we have reviewed our recent progress in
studying the stability of tall polymeric micropillar arrays
against adhesive and capillary forces. We have fabricated sta-
ble HAR pillar arrays in a variety of polymers and introduced
a new approach to fabricate hydrogel micropillar arrays, when
the polymerization is sensitive to environmental oxyagen. We
have identified control parameters for maintaining the pillar
stability, as well as their clustering. Increasing interpillar sep-
aration and low surface energy favors stability against adhe-
sive forces. Designing micropillar arrays close to their critical
stability modulus against capillary force promotes capillary-
induced regular assembly of micropillars. In addition, we have
suggested capillary-induced actuation of micropillars by
dynamically changing the surface energies. Finally, in the con-
text of capillary force, we have shown that contrary to the
often-reported isolated capillary bridges, micropillars collapse
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due to a much smaller capillary meniscus interaction force,
resulting in important implications for the stability of the
micropillars.

The detailed experiments regarding adhesive forces in micro-
pillar arrays and new insights into the capillary force induced
clustering of micropillar arrays will offer important guidelines for
rational design and fabrication of stable micropillar arrays in dry
and liquid environments and pave new ways toward capillary
manipulation of micropillars for applications in areas of sensors,
responsive surfaces, and biological studies.
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dation (BES-0438004, CAREER/DMR-0548070, and MRSEC/
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