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Capillary Force in High Aspect-Ratio Micropillar Arrays

Abstract
High aspect-ratio (HAR) micropillar arrays are important for many applications including, mechanical
sensors and actuators, tunable wetting surfaces and substrates for living cell studies. However, due to their
mechanical compliance and large surface area, the micropillars are susceptible to deformation due to surface
forces, such as adhesive force and capillary force. In this thesis we have explored the capillary force driven
mechanical instability of HAR micropillar arrays. We have shown that when a liquid is evaporated off the
micropillar arrays, the pillars bend and cluster together due to a much smaller capillary meniscus interaction
force while still surrounded by a continuous liquid body, rather than due to often reported Laplace pressure
difference because of isolated capillary bridges. We have studied both theoretically and experimentally, the
capillary force induced clustering behavior of micropillar arrays as a function of their elastic modulus. To this
end, we have developed a modified replica molding process to fabricate a wide range of hydrogel micropillar
arrays, whose elastic modulus in the wet state could be tuned by simply varying the hydrogel monomer
composition. By minimizing the sum of capillary meniscus interaction energy and bending energy of the
pillars in a cluster, we have derived a critical micropillar cluster size, which is inversely proportional to elastic
modulus of micropillars. The estimated cluster size as a function of elastic modulus agrees well with our
experimental observation. We have also explored the utility of the clustered micropillar arrays as ultrathin
whitening layers mimicking the structural whitening mechanism found in some insects in nature. Finally, we
have theoretically studied the capillary force induced imbibition of a liquid droplet on a model rough surface
consisting of micropillar arrays. Our theoretical model suggests that due to shrinking liquid droplet, the
imbibition dynamics does not follow the diffusive Washburn dynamics but progressively becomes slower with
time.
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ABSTRACT 

 

CAPILLARY FORCE IN HIGH ASPECT-RATIO MICROPILLAR ARRAYS 

Dinesh Chandra 

Shu Yang 

 

High aspect-ratio (HAR) micropillar arrays are important for many applications 

including, mechanical sensors and actuators, tunable wetting surfaces and substrates for 

living cell studies. However, due to their mechanical compliance and large surface area, 

the micropillars are susceptible to deformation due to surface forces, such as adhesive 

force and capillary force. In this thesis we have explored the capillary force driven 

mechanical instability of HAR micropillar arrays. We have shown that when a liquid is 

evaporated off the micropillar arrays, the pillars bend and cluster together due to a much 

smaller capillary meniscus interaction force while still surrounded by a continuous liquid 

body, rather than due to often reported Laplace pressure difference because of isolated 

capillary bridges.  We have studied both theoretically and experimentally, the capillary 

force induced clustering behavior of micropillar arrays as a function of their elastic 

modulus. To this end, we have developed a modified replica molding process to fabricate 

a wide range of hydrogel micropillar arrays, whose elastic modulus in the wet state could 

be tuned by simply varying the hydrogel monomer composition. By minimizing the sum 

of capillary meniscus interaction energy and bending energy of the pillars in a cluster, we 

have derived a critical micropillar cluster size, which is inversely proportional to elastic 

modulus of micropillars. The estimated cluster size as a function of elastic modulus 
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agrees well with our experimental observation. We have also explored the utility of the 

clustered micropillar arrays as ultrathin whitening layers mimicking the structural 

whitening mechanism found in some insects in nature. Finally, we have theoretically 

studied the capillary force induced imbibition of a liquid droplet on a model rough 

surface consisting of micropillar arrays. Our theoretical model suggests that due to 

shrinking liquid droplet, the imbibition dynamics does not follow the diffusive Washburn 

dynamics but progressively becomes slower with time. 
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Chapter 1 

Introduction to High Aspect-Ratio Micropillar Arrays 

 

1.1 Introduction 

Arrays of high-aspect-ratio (HAR) microstructures (Fig. 1.1, aspect-ratio - ratio of 

height to lateral feature size) present many unique features, including large surface area, 

spatially distinct surface topography that is well separated from the underlying substrate, 

and large mechanical compliance. In Nature, these advantages have resulted in interesting 

evolutionary functions ranging from formidable, reversible, dry adhesion of a gecko foot 

due to hierarchical arrays of nano- and micropillars1, to the superhydrophobic nature of 

lotus leaves because of array of microscopic protrusions on their surface2. Taking cues 

from Nature, many researchers have created arrays of HAR microstructures and 

investigated their potential applications in many technologically important systems, such 

as reversible dry adhesives3-7, superhydrophobic8 and superoleophobic9 surface, and 

tunable wetting,10,11 as well as micromechanical sensors12-15 and actuators16-20. However, 

because of their small dimensions and large aspect ratio, these structures possess high 

surface area to volume ratio. Therefore, they are susceptible to surface forces, such as 

adhesive force between the microstructures and liquid capillary forces when immersed 

and dried from the liquid21-23, leading to pattern collapse. Recently, these forces, for 

example, capillary force, have been utilized to self-assemble hierarchical 

superstructures24. Systematic understanding of the effect of capillary forces on the 

stability of HAR micropillar arrays is critical to both the fabrication of high fidelity HAR 
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microarrays and their manipulation for a wide range of applications. First, we illustrate a 

few exemplary applications of HAR pillar arrays.  

 

Figure 1.1 Illustration of high aspect-ratio micropillar array. 

 

1.2 Applications of HAR micropillar arrays 

1.2.1 Force sensors and actuators 

One of the important features offered by the tall micropillar arrays is their small 

bending stiffness. This has led to applications such as force sensors and actuators at the 

micro-scale. As force sensors, they have been widely used to study the mechanical 

response of living biological cells12-14. A living cell lying on top of micropillar arrays 

exerts traction forces, which can be measured by measuring the deflection of the tips of 

the underlying micropillars. The sensitivity and spatial resolution of the force 

measurement depends on the geometry of the micropillar arrays15. Large aspect ratio will 

result in smaller bending stiffness and thus larger tip deflection and greater sensitivity 

whereas smaller inter-pillar separation results in better spatial resolution. For example, du 
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Roure13 et al. studied the traction force generated by epithelial cells lying on high density 

array of elastomeric [poly(dimethylsiloxane), PDMS] micropillars by observing the 

deflection of the micropillars. By this method they could achieve a spatial resolution of 

cell mechanics down to 2 microns. Using a similar approach, Tan14 et al. studied the 

effect of cell morphology on the traction forces generated by the cells on PDMS 

micropillar arrays. In addition to their application as force sensors, micropillar arrays 

have been used as actuators in response to an external force. Evans16 et al. demonstrated 

the actuation of PDMS-ferrofluid composite micropillar arrays by applying external 

magnetic field.  Sniadecki18 et al. studied cell response to external forces by putting the 

cells on PDMS-cobalt nanowire composite micropillar arrays and actuating the pillars by 

applying magnetic field. In turn, force generated by living cells can be used to actuate 

micropillars, and thus realizing biomicroactuators17,20. For example, Tanaka20 and co-

workers successfully generated forces over 1 µN by chemically stimulated muscle cells 

attached to micropillars. By coating hydrogels on HAR silicon nanopillar arrays, 

Sidorenko et al. demonstrated reversible actuation of Si pillars through swelling and 

drying of the hydrogel coating25. While many nano- and micropillars have isotropic 

cross-sections (e.g. spherical and square), micropillar arrays with elliptical cross-section 

have been created.26 The latter shows anisotropic rigidity (more rigid in the direction of 

major axis of the ellipses), resulting in anisotropic cell migration on such substrates. 

1.2.2 Liquid repelling surfaces and their dynamic tuning 

 Because of their well-defined surface topography, which is well-separated from 

the underlying substrate, and large actual surface area, HAR structures are of great 

interest in systematic study of surface roughness effect on superhydrophobic8 and tunable 
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wetting10,11. In Nature, lotus leaf is a well known example of superhydrophobic, self-

cleaning surface, which consists of micro- and nano-protrusions on the leaf surface, thus 

water droplets can easily roll off the surface.2  

There have been two simple wetting models to explain the surface roughness 

effect on wettability, that is Wenzel model where a liquid droplet penetrates and wets in-

between the grooves of the roughness27, and Cassie-Baxter model where the droplet sits 

on the tips of the roughness28. In the Wenzel state the liquid contact angle θw on the rough 

surface is given by  

0cos cosw rθ θ=           (1.1) 

where r is the ratio of actual surface area of the rough surface to the projected surface 

area, and θ0 is the liquid contact angle on a flat surface of identical chemical nature, so 

called Young’s contact angle given by the Young’s equation, 

0cos ( ) /sv sl lvθ γ γ γ= −           (1.2) 

where, lvγ  is the liquid surface tension and γsv and γsl are solid-vapor and solid-liquid 

surface energies, respectively. In Cassie-Baxter state, the liquid contact angle on rough 

surface, θc, is given by   

0cos (cos 1) 1cθ φ θ= + −          (1.3)  

where φ  is the solid fraction at the top of the roughness. Thus, in the Cassie-Baxter 

model, roughness always increases the contact angle, that is, the surface becomes more 

liquid repellant, whereas in Wenzel model, depending on the Young’s contact angle, 

roughness can decrease the apparent contact angle on a hydrophilic surface (θ0 < 900) or 

increase it on a hydrophobic surface (θ0 > 900).  In non-wettable state, the liquid droplet 
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is pinned to the substrate in Wenzel model as it penetrates the grooves of the roughness, 

whereas in Cassie-Baxter model, the droplet is mobile and can easily roll off the surface 

since it sits only on tips of the roughness8.  Thus for applications such as self-cleaning 

and non-wettable surfaces, Cassie hydrophobic state is more desirable. For the Cassie 

state to be thermodynamically favored, θ0 should be greater than a critical angle θC given 

by29  

 cos (1 ) /( )C rθ φ φ= − − −          (1.4) 

When θ0 < θC, Wenzel state is favored. The preceding criterion for a stable Cassie state is 

easily satisfied for large r, i.e. very rough surfaces, even for slightly hydrophobic θ0. 

High aspect ratio micropillar arrays provide such rough surfaces. However, droplets can 

also be in a metastable Cassie state even when Wenzel state is favored by the above 

criterion29,30. The metastable state can remain as long as the droplet does not initiate a 

contact with the underlying bottom surface, which can be induced by an external force or 

the Laplace pressure of the drop29. On HAR structures, the metastable Cassie state is 

readily achieved as it is more difficult to initiate the droplet contact with the bottom. 

Guided by the above mentioned principles, there has been extensive research in designing 

superhydrophobic surface and their dynamical tuning of their wetting behaviors. For 

example, Krupenkin et al. have fabricated silicon nanopillar arrays and achieved dynamic 

switching from superhydrophobic Cassie state to completely wetting Wenzel state by 

means of electrowetting11. Stable superoleophobic surfaces have been demonstrated by 

Tuteja et al. in arrays of ‘micro-hoodoos’ with reentrant curvature geometry9. Stable 

omniphobic (repelling both water and oil) surfaces with tunable wetting10 have also been 

designed by utilizing arrays of micropillar arrays. Further, it has been shown that 
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micropillar arrays also affect the dynamics of wetting and a liquid droplet on micropillar 

arrays spreads faster than that on a chemically identical flat surface31. 

1.2.3 Biomimetic dry adhesives 

  Inspired by strong, reversible and dry adhesion of gecko foot hairs, there has been 

extensive interest in fabrication of arrays of tall microstructures to mimic the biological 

design. Each gecko foot1 is covered with an array of half a million keratin hair called 

setae, which are about 130 µm long and 15 µm in diameter. At the tip, each setae 

branches into hundreds of long filaments called spatulae. Each of the spatulae generates a 

tiny van der Walls force of about 10-7 N, resulting in a formidable adhesion force, 10 

N/cm2 in each gecko foot, where the high aspect-ratio nature of the setae and spatulae 

plays a critical role. Because of their small bending stiffness, the setae can conformally 

contact the microscopic roughness of any surface, enabling almost all the spatulae to 

make physical contact with the surface, resulting in a large cumulative adhesive force. At 

the same time, by positioning the mechanically compliant setae at a critical angle with the 

surface facilitates easy detachment of the gecko toe1. Thus, to design gecko inspired, 

synthetic, reversible dry adhesive, it is critical to create the stable tall structures with 

optimum aspect ratio and Young’s modulus3,4. Greiner4 et al. fabricated periodic array of 

PDMS micropillars and demonstrated increasing adhesion with increase in the pillar 

aspect-ratio. Based on the same principles, Qu7 et al. designed dry adhesive tape 

consisting of carbon nanotube arrays, which produced large adhesion in the shear 

direction and small adhesion in the normal lift-off direction similar to the behaviors 

observed in gecko foot. Hierarchical design of nanopillar arrays has also been reported to 

achieve gecko-inspired reversible dry adhesion6. Further, Mahdavi5 et al. designed a 
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biocompatible and biodegradable tissue adhesive from micropillars of poly(glycerol-co-

sebacate acrylate) elastomer, demonstrating the microstructure could improve the wet 

adhesion. 

 Besides the above mentioned applications, micropillar arrays have also been used 

in bio-microfluidics32, designing efficient batteries33 and enhanced heat transfer34. 

 

1.3 Fabrication of tall micropillar arrays  

Because of their technological importance, there has been much research in 

developing fabrication methods to realize arrays of HAR microstructures. HAR 

micropillar arrays have been fabricated in both inorganic materials such as silicon11,35,36, 

quartz32 and metals37, and in polymers such as, PDMS13,14,38, epoxy39, photoresists40 and 

polyimide3. The fabrication strategies can be broadly divided into three categories – top-

down, self-assembly and molding. Top-down fabrication involves selective removal of 

materials after defining the desired pattern either by photolithography or by scanning 

lithography (for example, electron beam writing). On the other hand, self-assembly 

methods take advantage of thermodynamic driving force to spontaneously pattern 

materials (e.g. block copolymers, colloidal particles) in a periodic order. Molding 

involves replicating an existing topographic pattern, in a suitable material by means of a 

mold. 

 Fabrication of HAR micropillar arrays presents some unique challenges because 

of their tall structures. First of all, to achieve vertical side-walls it requires highly 

anisotropic material etching to large depths in the top-down process. In molding methods, 

the molding materials have to infiltrate the deep channels of the mold completely. 
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Further, as mentioned before, HAR micropillar arrays are susceptible to deformation due 

to adhesive and capillary forces. In many fabrication methods (e.g. photolithography) and 

applications (e.g. wetting, cell mechanics) tall micropillars are exposed to liquid 

environment where they can deform due to capillary forces. Thus, a high mechanical 

strength is often required to ensure high fidelity of HAR structures during both 

fabrication and post-fabrication applications. Here we compare recent advances in 

fabrication techniques (Fig. 1.2), which are summarized in Table 1.1.  

 

Figure 1.2 Schematic of fabrication processes for micropillar arrays. 
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Table 1.1 Fabrication methods for HAR micropillar arrays. 

Method Minimum 
feature-size 

Aspect-
ratio 

Materials 
directly 

patternable 
Process Ref. 

Photolithography 
~50 nm 

dependent on 
optical tool 

~50 
 photoresists 

parallel, 
large-area, 
multi-step, 
defect-free 

40, 
42 

Scanning beam 
lithography (e-
beam, proton-

beam) 

<10 nm 
 

~5 (e-
beam) 
~150 

(proton 
beam) 

PMMA (most 
widely used) 

SU-8 

serial, small-
area, multi-
step, defect-

free 

42 

Block co-
polymer 

lithography 

<10 nm 
determined by 
chain length 

~10 block co-
polymers 

parallel, 
large-area, 
multi-step, 

random 
defects 
exists 

42, 
44 

Colloidal 
lithography 

~40 nm 
limited by 

particle size 

dependent 
on etching 

method 
 

parallel, 
large-area, 
multi-step, 

random 
defects 
exists 

35, 
45 

Anodized 
alumina template ~10 nm ~10, 000 

metals, 
polymers, 

carbon 

parallel, 
large-area 

42, 
46-
48 

Soft lithography 
(e.g. replica 

molding) 

a few nm 
dependent on 
master and 

molecular size 
of molding 

material 

>20 
 

photoresists, 
polymers, 
polymer 

precursors, 
bio-molecules

parallel, 
large-area, 

both flat and 
curved 

substrates 

39, 
49 

 

 

 

 



 10

1.3.1 Top-down fabrication 

 HAR micropillar arrays are fabricated by photolithography or scanning 

lithography (e.g. electron beam writing, proton beam writing) followed by selective 

etching or removal of material. 

Photolithography: The geometry of the micropillars can be defined on a photoresist film 

through a photomask, followed by anisotropic etching of the underlying substrate (e.g. 

Si) using the patterned resist as an etch mask (Fig. 1.2a). When selective areas of the 

photoresist film are exposed to UV light with desired wavelength through a photomask, 

the exposed areas of the photoresist either become cross-linked and insoluble (negative-

tone resist) or become soluble in a suitable solvent (positive-tone resist). After dissolving 

the selective regions of the resist film, the patterned photoresist film acts as an etch mask 

for the subsequent etching of the underlying substrate. HAR Si micropillar arrays with 

vertical profile have been fabricated by highly anisotropic etching of silicon using a high-

density inductively coupled plasma etching41. The aspect ratio can be tuned by the 

etching time and intensity. Alternatively, HAR structures can be directly fabricated in a 

thick photoresist film, and the aspect ratio can be varied by spin coating of the resist film 

at different concentrations and spin speeds. A suitable resist should have high contrast 

and resolution to obtain straight pillar sidewalls during development. In addition, the 

resist should have high mechanical strength to prevent structural collapse due to capillary 

force during the development and drying process. One such photoresist for fabricating 

HAR microstructures is SU-8, a chemically amplified negative-tone photoresist. The 

crosslinked SU-8 has a Young’s modulus of more than 4 GPa40. Fabrication of SU-8 

photoresist for HAR microfabrication has been reviewed by del Campo and Greiner40. 
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Aspect-ratio of up to 40 has been achieved42 in SU-8 by UV-lithography. In 

photolithography, the resolution is dependent on the optical tool (e.g. wavelength of the 

photon source, and numerical aperture of the optical lens) and feature sizes less than 100 

nm have been achieved.  

Scanning lithography by electron beam or proton beam writing: Higher resolutions can 

be achieved by exposing a resist material to electron beam (e-beam) or proton beam, 

which has much lower wavelength than UV-irradiation. In e-beam lithography, a resist 

material, e.g. poly(methyl methacrylate) (PMMA), is exposed to e-beam in a serial 

writing fashion. The incident electrons generate secondary electrons which cause chain 

scission in the resist film, making the exposed areas soluble. Due to scattering of 

electrons in the resist material the resolution and depth are limited to ~10 nm and ~100 

nm respectively42. By this method, feature sizes of 50 nm and aspect ratios of up to 5 

have been achieved42. Similar to photolithography process, the structures patterned in e-

beam resist can be transferred to underlying substrates. For example, quartz32 and 

polyimide3 micropillar arrays have been fabricated by this method. In contrast to e-beam, 

proton beam offers much heavier mass and thus very little scattering resulting in much 

higher penetration depth and aspect-ratio. Line width of 60 nm with an aspect-ratio of 

~160 has been achieved by this method42 in SU-8. Structures defined by proton beam 

lithography can be transferred to other materials. Ansari37 et al. fabricated HAR nickel 

stamps by electroplating PMMA patterns defined by proton beam lithography. Since both 

e-beam and proton beam scanning lithography are serial writing processes, the 

throughput is low and they are most suitable for small area patterning.  
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1.3.2 Fabrication by self-assembly 

 In this approach, thermodynamic driving force is utilized to spontaneously 

pattern materials (e.g. block copolymers (BCPs) and colloidal particles) in a periodic 

array and feature sizes as low as a few nanometers can be obtained over a large area.  

Block copolymer lithography: Block copolymers consist of two or more chemically 

different polymer chains connected at the chain-end by covalent bond. Because of their 

different chemical nature, the BCPs phase separate in nanometer sized periodic domains, 

where the morphology and domain size are dependent on the composition of the BCP, f, 

the interaction parameter, χ, between blocks, and the chain length of each block. In BCP-

lithography, topographic pattern is obtained by selectively removing one of the phases 

(Fig. 1.2b).  For example, in polystyrene(PS)-b-poly(methyl methacrylate)(PMMA), by 

selective removal of PMMA domains, hexagonally close-packed holes with 18 nm in 

diameter and an aspect ratio of 2 have been obtained42. The resulting nanoporous film can 

then be used as either template or etch mask to form topographic patterns in metals, 

semiconductors and dielectrics43. By using BCP film as template, fabrication of silica 

nanorods with diameter ~20 nm and height ~200 nm has been reported44.  

Colloidal lithography: Self-assembly of colloidal particles can also be used to template 

micropillar arrays. Compared to BCP lithography, the colloidal assembly does not require 

long annealing step. However, the feature sizes are larger than that obtained by BCP 

lithography. To obtain micropillar arrays by colloidal lithography, in a typical process, a 

monolayer of close-packed colloidal particles is deposited on a substrate, followed by 

back filling with metal and removal of the colloidal particles. The substrate is then 

etched, where the backfilled metal acts as etch mask, to obtain pillar arrays45 (Fig. 1.2b). 
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Kuo35 et al. fabricated silicon nanopillar arrays of lateral dimension down to 40 nm and 

aspect ratio up to 7 by this method. They used polystyrene particles of diameter 330 nm 

and 440 nm for colloidal assembly. In colloidal lithography, the feature size is 

determined by the void size between the close-packed colloidal particles.  

Porous anodic aluminum oxide (AAO): Compared to BCP and colloidal lithography, a 

much higher aspect-ratio can be achieved by using nanoporous AAO templates to 

fabricate pillar arrays. Nanoporous AAO membranes are self-ordered arrays of nano-

pores formed by anodization of aluminum in acidic electrolyte. The pores are straight, 

parallel and highly uniform. Their diameter can range from ~10 nm to 400 nm and they 

can be hundreds of micron deep. Because AAO templates are compatible with many 

backfilling process and can be easily removed by aqueous NaOH or KOH solution, they 

have been widely used to template dense arrays of very high aspect-ratio nanopillar 

arrays in polymers46, metals47 and carbon48. 

1.3.3 Replica molding 

Most of the fabrication approaches described above are applicable to either 

special class of materials (e.g. photoresists) or require multi-step harsh processing 

conditions which are not suitable for patterning a vast majority of soft materials like 

hydrogels and biological materials. Over the past two decades, soft lithographic 

methods49, including micromolding, stamping, imprinting, and replica molding have been 

developed for processing of soft materials, such as polymers. In a typical replica molding 

process a soft elastomeric mold (e.g. PDMS) is used to define topographic patterns in a 

desired material, followed by curing (Fig. 1.2c). The PDMS molds are themselves created 

by thermal curing of a mixture of PDMS and a crosslinking agent poured over a master 
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micropillar array (silicon, metal etc.), followed by removal of the solid PDMS mold off 

the master.  

The soft elastomeric nature and low surface energy of the PDMS facilitates easy 

removal of the mold from both the master and the replicated structures for subsequent use 

even in case of high aspect-ratio structures. Since the structures are defined physically by 

a mold, it is not required to have specific chemical functionality in the molding material 

and a large variety of soft material can be molded as long as they do not damage the 

mold. Using replica molding method, micropillar arrays have been fabricated in a variety 

of materials including, PDMS14, epoxy, and polyurethane39. In principle, the resolution 

achievable by this method is limited only by the master pattern and molecular size of the 

molded material50 and ~3 nm wide features have been replicated by using highly cross-

linked PDMS molds50. Stable micropillar arrays with pillar diameter 400 nm and aspect 

ratio more than 22 have been fabricated using replica molding from PDMS molds39. 

 Although, PDMS molds have been used to mold a wide range of materials, they 

are not suitable for direct molding of hydrogel monomers. The monomers easily diffuse 

into the molds and swell the mold, while the oxygen dissolved in the porous mold 

diffuses in the molding material and inhibits the free-radical polymerization51 and 

crosslinking during UV-curing. In this thesis, we have used a modified two-step replica 

molding process to pattern HAR hydrogel micropillar arrays (Chapter 4). In the first step, 

the monomers or monomer mixtures were partially UV-polymerized to obtain a viscous 

molding precursor. In the second step, this precursor was molded and UV-cured after 

adding crosslinker and additional photoinitiator. The increased viscosity of the precursor 



 15

in the first step effectively prevented both the monomer diffusion in the mold and the 

oxygen diffusion in the molding precursor resulting in successful fabrication. 

 

1.4 Stability of HAR micropillar arrays 

 As mentioned before, low bending modulus and large surface area to volume ratio 

results in many interesting applications of HAR micropillar arrays. At the same time, 

however, these properties lead to increased susceptibility to deformation due to external 

forces, including surface forces such as adhesion and capillary forces. Here we discuss 

some common mechanical instability encountered in HAR microstructures. 

1.4.1 Collapse due to gravity 

Hui52 et al. suggested that soft, HAR microstructures, such as from PDMS, can 

buckle under their own weight. The critical height, hc of the microstructures above which 

they are unstable against the gravity induced buckling is given as, 

1/320.49
c

Edh
gρ

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

                     (1.5) 

where, d is the diameter of the micropillar, E and ρ are the elastic modulus and density of 

the micropillar material respectively and g is the gravitational acceleration. 

1.4.2 Collapse due to adhesive forces 

As the aspect ratio increases and the dimensions decease, the surface area to 

volume ratio of the microstructures decreases and surface adhesive forces become 

dominant. As pointed out by Roca-Cusachs53 and co-workers, in the gravitational model 

of ground collapse (Eq. 1.5) the critical aspect ratio for stability scales as d-1/3, indicating 

that as the diameter decreases, the pillars would be stable for higher aspect ratio. In 
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particular, as the pillar diameter tends to zero, the stable aspect ratio tends to infinity 

which is clearly not true. At smaller dimensions, adhesion between the pillars and 

between a pillar and the substrate dominate over the gravitational force and become the 

main cause for ground collapse and lateral collapse of the micropillars. By balancing the 

bending energy of the ground collapsed micropillar with the energy of pillar adhesion to 

the substrate, Roca-Cusachs53 and co-workers derived an expression (Eq. 1.6) for the 

critical aspect ratio, (h/d)c below which the micropillars are stable.      

( )
2/35/3 1/ 62 2/3

11/3 1/ 2 1
2 3 2c sv

h E d
d

π υ
γ

− ⎛ ⎞⎛ ⎞ = − ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

       (1.6) 

Here, υ is the Poisson’s ratio for the pillar material and γsv is the surface energy of the 

pillar material. In addition to ground collapse, the micropillars can also bend laterally and 

adhere to the neighboring pillars. This lateral collapse is more dominant in high density 

micropillar arrays where, due to small interpillar distances, 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 adhesion, Glassmaker38 and co-workers derived an expression 

(Eq. 1.7) for the critical aspect ratio, (h/d)c below which the micropillars are stable 

against lateral collapse. 

( )

1/3
3/ 4 3/ 2

1/ 41/ 4 2 1/ 2

3

2 32 1c sv

h Ew
d d

π
γ υ

⎛ ⎞
⎛ ⎞ ⎜ ⎟=⎜ ⎟ ⎜ ⎟⎝ ⎠ ⋅ −⎝ ⎠

       (1.7) 

where w is the lateral separation between adjacent micropillars (Fig. 1.1). 
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1.4.3 Collapse due to liquid capillary force 

Many applications of micropillar arrays, such as cell mechanics studies and 

microfluidics require them to be used in liquid environment. In addition, in 

photolithography based fabrication process, the micropillar arrays are exposed to solvent 

during development process, followed by drying, which causes the tall structures to 

collapse due to capillary forces associated with the liquid. In general, capillary force is 

proportional to the liquid surface tension, γ and arises because of the tendency of a 

system to minimize the sum of its three interfacial energies – liquid-vapor (γlv), solid-

vapor (γsv) and solid-liquid (γsl). The phenomenon of capillary force is responsible for a 

wide range of macroscopic and microscopic observations, ranging from the rise of liquid 

in a capillary tube and clumping of hair after shower to self-assembly of microparticles54. 

In context of HAR microstructures, it is responsible for mechanical failure of tall line 

patterns during liquid evaporation off their surface23,55 and clustering together of 

micropillar arrays when a liquid is evaporated off their surface22,56. Capillary force has 

also been utilized to self-assemble HAR micropillars into ordered hierarchical 

structures22,24. The capillary force induced collapsing of one dimensional (1D) arrays of 

tall microstructures has been explained by Laplace pressure difference due to curved 

interface of isolated capillary bridges formed between the microstructures23. For example 

in the configuration shown in Fig. 1.3, because of the curvature of the liquid between the 

two plates separated by distance d, the pressure inside the liquid is lower than that 

outside. Due to this pressure difference, the plates experience net force and bend towards 

each other. The pressure difference ∆P = P1 – P2 is given as23, 
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2 cosP
d

γ θ⎛ ⎞∆ = ⎜ ⎟
⎝ ⎠

                     (1.8) 

where γ is the liquid surface tension and θ is the contact angle of the liquid on the plate 

material. By balancing the Laplace pressure force with the elastic restoring force of the 

bent plates, Tanaka and co-workers have derived stability criteria of tall line patterns 

against capillary force.  

 The argument of Laplace pressure difference due to isolated capillary bridges is 

often extended to 2D arrays of micropillars to explain their clustering40,56-58. However, as 

we show in detail in the later chapters, the collapsing of the latter is due to capillary 

meniscus interaction force59 while the pillars are still surrounded by a continuous liquid 

body (i.e. no isolated capillary bridges). This approach has rarely60 been used to describe 

the capillary clustering of micropillar arrays and in the few studies reported, sometimes 

no distinction is made between the two approaches21 or no justification is provided for 

using the capillary meniscus interaction approach60. The capillary meniscus interaction 

force originates due to interaction between the liquid menisci surrounding the individual 

micropillars59 and its magnitude is much lower than the force due to Laplace pressure 

difference due to isolated capillary bridges between the pillars. Here, we emphasize 

though that as mentioned above and as discussed in detail in Chapter 2, the origin of all 

kinds of capillary forces is due to the minimization of the total interfacial energy of the 

system and the different kinds of capillary forces originate due to different geometries of 

the systems. 
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Figure 1.3 Capillary bridge between two parallel plates. 

 

1.5 Thesis outline and scope of the present work 

 This thesis focuses on the study of the nature of the liquid capillary forces in high 

aspect-ratio micropillar arrays and their capillary force induced clustering behavior as a 

function of their elastic modulus. 

 As we discussed earlier, 2D arrays of HAR micropillar arrays are both important 

for various applications and also susceptible to deformation due to various surface forces 

including liquid capillary force which can also be potentially harnessed for self-assembly 

of these tall microstructures.  However, the collapsing behavior of 2D arrays of tall 

micropillar arrays due to liquid capillary force is not well studied and often Laplace 

pressure argument due to isolated capillary bridges is simply extended to explain the 

observed collapsing of 2D micropillar arrays in literature. Further, to experimentally 

study the effect of mechanical properties of the micropillar material on their clustering 

behavior, it is desirable to prepare micropillars whose mechanical properties can be tuned 

continuously over a wide range.   

To address the above issues, the thesis is outlined as the following: in Chapter 2, 

we present theoretical background on the origin of different types of capillary force. In 
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Chapter 3 we describe the fabrication and characterization techniques used in the present 

work. The results of our research are discussed in Chapters 4 through 7 as outlined 

below. Chapter 8 summarizes the thesis work and provides insights for future research 

and outlook related to our current work. 

In Chapter 4 we present a novel method to fabricate HAR hydrogel micropillar 

arrays by replica molding. Hydrogels are an important class of materials whose chemical 

and physical properties can be easily tailored and many of them are sensitive to external 

stimuli. In particular, by simply varying the composition of the monomers as the molding 

material, mechanical properties of the resulting micropillars can be tuned. However, 

direct molding of hydrogel monomers by using a PDMS mold followed by UV initiated 

free-radical polymerization is not possible as the monomers diffuse into the mold and the 

oxygen dissolved in the mold inhibits free radical polymerization. In our approach, we 

fabricate tall micropillars by first partially polymerizing the hydrogel monomers or 

monomer mixture and molding the partially polymerized viscous precursor followed by 

UV-initiated further polymerization and cross-linking. The increased viscosity in the 

partial polymerization step prevents both the monomer diffusion in the PDMS mold and 

oxygen diffusion from the mold, resulting in successful fabrication of HAR micropillar 

arrays. We demonstrate successful fabrication in three different geometries and three 

different hydrogel systems. By our modified replica molding process we have extended 

the soft lithography method to the fabrication of tall hydrogel microstructures. We also 

study the stability of the fabricated pillar arrays against adhesive and capillary forces. 

In Chapter 5, we investigate the nature of capillary force acting on 2D micropillar 

arrays during liquid evaporation off their surface. Our experiments, using low molecular 
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weight polystyrene as the wetting liquid on epoxy micropillar arrays, show that the 

micropillars collapse during liquid evaporation while they all are still surrounded by a 

continuous liquid body and that there are no isolated capillary bridges present. Thus, we 

experimentally show for the first time that the capillary force induced clustering of 2D 

micropillar arrays should be attributed to lateral forces resulting from the interaction 

between capillary menisci around individual pillars rather than to often reported Laplace 

pressure difference due to isolated capillary bridges. We present theoretical evidence to 

show that in a typical case, Laplace pressure force can be more than an order of 

magnitude larger than that estimated by capillary meniscus interaction force. This 

difference is reflected in large difference in the elastic modulus for stability calculated 

from the two approaches.  

In Chapter 6, we study the capillary force induced clustering of poly(2-

hydroxyethylmethacrylate-co-methyl methacrylate) (PHEMA-co-PMMA) micropillar 

arrays fabricated by the process described in Chapter 4. By varying the composition of 

water swellable PHEMA versus the glassy, non-swellable PMMA in the micropillar 

molding material we modulate the elastic modulus of the micropillars in the wet state 

over three orders of magnitude. By minimizing the sum of elastic bending energy and the 

capillary meniscus interaction energy of the pillars in a cluster, we derive an expression 

for the micropillar cluster size which is inversely proportional to the elastic modulus of 

the pillars. The derived relation agrees well with the experimental observation. The 

critical elastic modulus for stability as calculated from the expression derived in Chapter 

5 is also in agreement with the experimental observation whereas the critical modulus 

calculated by the Laplace pressure approach is found to be much larger than the values 
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suggested by experiment. These experimental and theoretical studies further demonstrate 

that in case of 2D micropillar arrays, capillary meniscus interaction rather than the 

Laplace pressure difference is the relevant capillary force. Further, we demonstrate the 

utility of the randomly clustered micropillar arrays as biomimetic ultrathin whitening 

layers. 

 While in Chapters 5 and 6 we focus on the effect of capillary force on the stability 

of the micropillars, surface roughness, here, the topography of micropillar arrays, can 

also affect the capillary driven wetting dynamics of a liquid on the rough surface31. In 

particular, it has been known that capillary driven liquid imbibition in rough or porous 

medium follows l ~ t0.5 dynamics61,62 where t is the time and l is the distance traveled by 

the liquid front. In Chapter 7, we theoretically calculate the imbibition dynamics of a 

droplet on a rough surface such as a micropillar array. We show that because of the 

shrinking droplet and radial flow geometry, the imbibition dynamics does not follow a 

simple power law dynamics. The imbibition dynamics starts as ~ t0.5 but continues to 

slow down with time. 
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Chapter 2 

Capillary Force 

 

In this Chapter, we present theoretical background relevant to the capillary force 

induced clustering of micropillar arrays and capillary driven wetting dynamics in 

micropillar arrays presented in later chapters. 

 

2.1 Origin of capillary force 

 Capillary forces are ubiquitous in nature and are responsible for a wide range of 

macroscopic and microscopic phenomenon ranging from rise of liquid in a capillary tube 

and clumping together of wet fibers1,2 to self-assembly of microparticles3. The origin of 

these forces is fundamentally the surface or interfacial energy. In a finite volume of 

condensed matter (liquid or solid), the molecules in the bulk experience attractive 

interaction from other molecules in all directions. However, molecules or atoms at an 

interface – liquid-vapor, solid-vapor, or solid-liquid – are in an environment different 

than that in bulk. This result in excess energy associated with the formation of a unit 

surface or interfacial area, denoted as interfacial energy, γ (unit, J/m2). Interfacial energy 

can also be viewed as surface tension force per unit length (unit, N/m). In a system of 

solid bodies and a liquid volume, it is the tendency of the system to minimize the sum of 

its three interfacial energies, which is the fundamental reason behind the capillary forces. 

The three interfacial energies are related to each other by the Young’s equation4,  

coslv sv slγ θ γ γ= −                      (2.1)  
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where l, v and s denote liquid, vapor and solid respectively and θ is the contact angle that 

liquid l makes with solid s (Fig. 2.1). The Young’s equation itself can be derived by 

minimizing the sum of the interfacial energies for a fixed droplet volume of liquid l and 

surface of solid s.  

 

Figure 2.1 A liquid droplet on a solid surface. 

 

 Although the origin of all the capillary forces is minimization of total interfacial 

energy, their manifestation can be different depending on the system geometry. In the 

following sections we discuss surface tension force, Laplace pressure, and lateral 

capillary meniscus interaction forces, which are relevant to deformation in high aspect-

ratio microstructures. 

 

2.2 Surface tension force 

As mentioned above, interfacial energy can also be viewed as force per unit 

length. For example, consider a liquid film of surface energy lvγ  on a wire loop whose 

one side is free to move (Fig. 2.2a). Displacement of the free side by an amount dx 

increases the surface energy by 2 lvdW l dxγ= . Thus, the force per unit length is 
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( )1/ / 2 lvF l dW dx γ= = . Here, the factor of 2 is because of the two sides of the liquid 

film.  

 

Figure 2.2 (a) A liquid film spanning a wire loop, (b) surface tension force on a cylinder. 

 

As shown schematically in Fig. 2.2b, liquid surface tension can exert a 

compressive force, 2 coslvrπ γ θ  on a rod of radius r and is responsible for buckling of 

microfilaments such as carbon nanotube bundles and biological filaments5. Balancing this 

compressive force with the Euler buckling load yields a critical aspect ratio5, ( )/ 2
c

l r , 

above which the microfilaments bend. 

 
1/ 22

2 32 cosc lv

l Er
r

π
γ θ

⎛ ⎞⎛ ⎞ = ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

         (2.2) 

From the above equation, for a 1 µm diameter filament with an aspect-ratio of 10, an 

elastic modulus of more than 50 MPa is necessary to avoid buckling by water, assuming a 

water contact angle of 00. 
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2.3 Laplace pressure 

 Surface energy also results in a pressure difference across a curved liquid 

surface4. This pressure difference is called Laplace pressure after Pierre-Simone Laplace 

who first studied it in the beginning of 19th century. Thus, a liquid droplet has an excess 

pressure inside it because of its curved surface.  In the simple case of spherical surface, 

the origin of Laplace pressure can be understood as follows. Consider a spherical liquid 

droplet of radius R. Let the pressure inside the droplet is Pi and the pressure outside is Po. 

Increasing the droplet radius by amount dR will result in a work done dW given as, 

 ( )o i lvdW P P dV dAγ= − +           (2.3) 

where 24dV R dRπ= is the increase in droplet volume, 8dA RdRπ=  is the increase in 

droplet surface area, and lvγ is the surface energy. In equilibrium, dW = 0, yielding the 

Laplace pressure difference, 

 2 lv
i oP P P

R
γ∆ = − =           (2.4) 

In the case of liquid surfaces with arbitrary shape, the Laplace pressure is given as4, 

 
1 2

1 1
lvP

R R
γ

⎛ ⎞
∆ = +⎜ ⎟

⎝ ⎠
          (2.5) 

The above equation is called the Laplace equation of capillarity, and R1 and R2 are the 

principal radii of curvature of the liquid surface. 

The Laplace pressure is responsible for distortion of photoresist patterns while 

drying off the rinse liquid6,7. During drying a liquid off their surface, isolated capillary 

bridges, with curved surface form between the microstructures (for example between two 
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plates in Fig. 2.3). The two radii of curvature of the curved liquid surface in Fig. 2.3 are 

/ 2cosx θ  and ∞ . Thus, by Eq. 2.5, the Laplace pressure difference is, 

 1 2
2 coslvP P P

x
γ θ⎛ ⎞∆ = − = ⎜ ⎟

⎝ ⎠
         (2.6) 

 

Figure 2.3 Laplace pressure force due to capillary bridge between two parallel plates. 

 

 To emphasize that the capillary forces are fundamentally due to the tendency of a 

system to minimize its interfacial energies, we re-derive Eq. 2.6 by minimizing the sum 

of interfacial energies for the system of two plates and a liquid capillary bridge of fixed 

volume V in Fig. 2.3. Let the width of the plates (inside the plane of the paper) as L and 

the total surface area of the plates as A0. The volume V of the liquid between the plates is 

given as, 

 ( )2

2 2cos sin cos 24cos
x LV xhL πθ θ θ θ

θ
= + − + −       (2.7) 

The solid-liquid surface area, Asl and liquid-vapor surface area, Alv are given as, 
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 1 sin2
cosslA h x Lθ

θ
⎛ − ⎞⎡ ⎤= +⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠

         (2.8) 

 ( )2coslv
xLA π θ

θ
= −           (2.9) 

and the solid-vapor surface area is, 0sv slA A A= − .  

Thus, the total interfacial energy, sl sl lv lv sv svU A A Aγ γ γ= + +  can be written as, 

( ) ( )0 2
1 sin2

cos cossv sl sv lv
xLU A h x L πθγ γ γ θ γ

θ θ
⎛ − ⎞⎡ ⎤= + + − + −⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠

  (2.10) 

By using Eq. 2.1 and 2.7 into Eq. 2.10, followed by differentiation, we obtain the force F 

on a plate in Fig. 2.3,  

 ( )2 cos sinlv
lv

dUF LH L
dx x

γ θ γ θ⎛ ⎞= − = − −⎜ ⎟
⎝ ⎠

     (2.11) 

where ( )( )/ 2cos 1 sinH h x θ θ= + −  (see Fig. 2.3). 

In Eq. 2.11, the first term can be immediately recognized as the product of the 

wetted plate area LH and the Laplace pressure difference as given by Eq. 2.6. The second 

term is the force in x-direction due to liquid surface tension (see Section 2.2) on the solid-

liquid contact line of length L (Fig. 2.3). Negative signs indicate attractive forces. 

 The above analysis in a simple geometry demonstrates that the origin of different 

capillary forces is the minimization of the total interfacial energy of the system. 

 

2.4 Lateral capillary meniscus interaction force 

 When two solid bodies are partially immersed in a liquid, they experience a long-

range lateral force (attractive or repulsive, depending on their wetting properties) even in 
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absence of isolated capillary bridges (section 2.3) and net surface tension force (section 

2.2). As shown later in Chapters 5 and 6, this lateral capillary force is responsible for the 

clustering of micropillar arrays when a liquid is dried off their surface rather than the 

often reported Laplace pressure force due to isolated capillary bridges. 

The origin of the lateral capillary force between partially immersed bodies is the 

deformation of the liquid surface which is flat in absence of the immersed bodies8. Fig. 

2.4 shows two vertical cylinders partially immersed in a liquid. Since the liquid wets the 

cylinders and makes a contact angle θ with their surface, the liquid surface becomes 

curved. Kralchevsky et al. determined the shape of the meniscus profile around the two 

cylinders by solving a linearized Laplace equation of capillarity (Eq. 2.5) and obtained an 

expression for the total energy W of the two cylinders partially immersed in a liquid as9 

 
2 2

2 2 42 cos ln x x rW r
q

πγ θ
⎛ ⎞+ −= ⎜ ⎟⎜ ⎟
⎝ ⎠

                 (2.12) 

Thus, the force between the two cylinders is, 

 
2 2

2 2

2 cos
4

dW rF
dx x r

πγ θ= − = −
−

                  (2.13) 

 

Figure 2.4 Lateral capillary between two cylinders partially immersed in a liquid. 
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In the limit of large separation (x >> r), ~ 1/F x , which is analogous to 

Coulomb’s law of electrostatics in 2-dimensions (2D). Further, the force F is attractive 

even in case of non-wetting liquid (θ > 900) in contrast to Laplace pressure force, which 

is repulsive for non-wetting liquids. If the two bodies have different contact angles θ1 and 

θ2, the cos2 θ in Eq. 2.13 is replaced by 1 2cos cosθ θ . Thus, in case of two dissimilar 

bodies (one hydrophobic and one hydrophilic) the lateral capillary force is repulsive8.  

 Similar expressions with ~ 1/F x dependence have been derived for both partially 

immersed and floating bodies of different shapes. In case of floating particles, the 

deformation of liquid surface is attributed to the weight of the particles8. The lateral 

capillary meniscus interaction forces are large enough to  cause 2-dimensional close-pack 

ordering of colloidal particles3. However, as shown in Chapter 5, in a typical case, these 

forces are much smaller as compared to forces due to Laplace pressure difference in 

isolated capillary bridges. 

 

2.5 Capillary driven liquid imbibition in rough surface 

 In addition to mechanical deformation of solids, capillary force also leads to 

spontaneous liquid flow on a rough surface to minimize the total interfacial energy. By 

balancing the capillary force to the viscous dissipation in a flowing liquid, in 1921 

Washburn derived the classical capillary dynamics, 0.5~l t , where l is the distance 

traveled by the liquid front and t is time.10 More recently, Bico et al.11 studied the 

capillary driven liquid imbibition in rough surfaces and established the condition for 

imbibition, and obtained the same Washburn dynamics for imbibition in rough surface.  
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Condition for imbibition: Consider a rough surface in contact with a wetting liquid 

(Young’s contact angle, θ0 < 900) (Fig. 2.5). The width of the surface is L (in the plane of 

paper), the ratio of actual to projected area is r and the solid fraction at top is φ . If the 

liquid imbibes further by an amount dl, the change in energy dE is, 

 ( )( ) ( )1sl sv lvdE r Ldl Ldlγ γ φ γ φ= − − + −      (2.14) 

The liquid should imbibe spontaneously within the grooves if dE < 0. Using Eq. 2.1, this 

gives the imbibition condition as o cθ θ< , where, 

 1cos c r
φθ
φ

−=
−

         (2.15) 

Dynamics of imbibition: Let the velocity of the liquid front is V (Fig. 2.5). Then the rate 

of viscous energy dissipation is, 

 
2 22

0

~dV V Ll dlLl dy Ll
dy dt

δ ηη η
δ δ

⎛ ⎞ ⎛ ⎞=⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

∫      (2.16) 

and the rate of change of capillary energy is ( )~ lvL dl dtγ . Equating the two energies 

and integrating yields the classical Washburn dynamics, 0.5~l t . 

 

Figure 2.5 Liquid imbibition on a rough surface. 

 

 The above analysis is for one-dimensional (1D) flow with an unlimited liquid 

reservoir. However, as we will show in Chapter 7, that in case of a droplet imbibing on a 
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rough surface, because of the shrinking droplet and radial flow geometry, the imbibition 

dynamics does not follow a simple power law dynamics. In particular, the dynamics 

starts as ~ t0.5 and progressively becomes slower than ~ t0.5 with time. 
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Chapter 3 

Experimental Methods 

In this Chapter, we describe the materials and methods used in fabrication and 

characterization of the micropillar arrays. The polymeric micropillar arrays were 

fabricated by replica molding of the corresponding Si masters. A range of 

characterization techniques were used to characterize the structural, mechanical, wetting 

and surface properties of the micropillar arrays. 

 

3.1 Materials 

 All the materials were used as received without any further purification. 

3.1.1 Micropillar arrays 

We fabricated hydrogel micropillar arrays by using a variety of monomers or 

momomer mixtures. The monomers used were 2-hydroxyethyl methacrylate (HEMA) 

(98%, Aldrich), methyl methacrylate (MMA) (99%, Acros Organics), N-isopropyl 

acrylamide (NIPA) (99%, Aldrich) and ethylene glycol dimethacrylate (EGDMA) (98%, 

Alfa Aesar). EGDMA was also used as cross-linker. The structures of the monomers used 

are shown in Fig. 3.1. 2-hydroxy-2-methyl-1-phenyl-1-propanone (Darocur 1173, Ciba 

Speciality Chemicals Inc.) was used as photoinitiator for the hydrogel micropillar arrays. 

Epoxy micropillar arrays in Chapter 5 were fabricated by molding a mixture of epoxy 

resin (DER 354, Dow Chemicals) and 3wt% photoinitiator (Cycracure UVI 6976, Dow 

Chemicals). 
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Figure 3.1 Monomers used for fabrication of micropillar arrays. 

 

3.1.2 Molds 

The elastomeric molds used in this work were fabricated by thermal curing of a 

mixture of poly(dimethyl siloxane) (PDMS) precursor and its curing agent (RTV 615 

from GE Silicones or Sylgard 184 from Dow Corning). Fluoro-silane, (tridecafluoro-

1,1,2,2-tetrahydrooctyl) trichlorosilane (Gelest), was used as a release agent for easy 

removal of PDMS molds from the master.  

3.1.3 Wetting liquids 

For clustering the micropillar arrays, water was used as the wetting liquid. To 

visualize the liquid wetting profile in the micropillar arrays in Chapter 5, low molecular 

weight, monodisperse, molten polystyrene (Mn = 1.79 kg/mol, PDI = 1.06, PSS - Polymer 
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Standards Service-USA Inc.) was used as the wetting liquid to facilitate imaging after 

solidification. 

 

3.2 Fabrication 

The micropillar arrays in this thesis were fabricated by replica molding method. 

Replica molding1 is one of the soft lithographic techniques developed in the 1990s to 

facilitate patterning of soft materials such as polymers and biomaterials at the micro and 

nanoscale. 

 The most widely used microfabrication technique, photolithography, is limited by 

its very nature to a very narrow class of photosensitive materials, photoresists. Using the 

patterned photoresist film as an etch mask to define structures in other materials is a 

multi-step and expensive process. Moreover, the resolution achieved is limited by the 

diffraction limit of the photon source used. Other techniques such as e-beam and ion 

beam writing can generate very small (down to a few nanometers) features but are very 

expensive, difficult and non-scalable to large areas limiting them to mask fabrication and 

laboratory applications.    

 Replica molding technique is an inexpensive, single-step, fast and easy processes 

in which structures are defined by a mold having predefined topography followed by 

suitable curing (e.g. UV, thermal). The molds themselves, which can be used many times, 

are replicated from a master pattern, which is often fabricated by top-down lithographic 

methods. Since the structures are defined physically by a mold, it is not required to have 

specific chemical functionality in the molding materials; therefore, replica molding 

technique can be used to mold a large variety of soft materials as long as they do not 
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damage the mold. Here, we have employed a widely used material, PDMS, to fabricate 

molds. The master silicon micropillars were fabricated by inductively coupled deep 

plasma etching2 of silicon after defining the structures in a photoresist. 

 Crosslinked PDMS possesses many unique properties, which makes it ideal as a 

mold material1. PDMS is a soft elastomer with a low surface energy (~21.6 mN/m) which 

facilitates its easy release from both the master pattern and the molded pattern even in the 

case of high aspect ratio microstructures. To further avoid any damage to the original 

silicon micropillars, we treated the silicon micropillars with a fluorosilane layer before 

making PDMS molds. PDMS is optically transparent up to UV, allowing molding of UV-

curable materials. In addition, PDMS is permeable to gases, allowing easy release of 

trapped air in the mold channels as the molding material fills the channels.  

 Although PDMS molds have been used to replicate structures in a variety of 

materials, they cannot be used for directly molding hydrogel monomers. The monomers 

easily diffuse into the molds and the oxygen dissolved in the porous mold diffuses in the 

molding material and inhibits the free-radical polymerization3 and crosslinking of the 

gels during UV-curing. To avoid this problem, as explained in Chapter 4, we have used a 

modified two-step molding process. In the first step, the monomers or monomer mixtures 

were partially UV-polymerized to obtain a viscous molding precursor. In the second step, 

this precursor was molded and UV-cured after adding crosslinker and additional 

photoinitiator. The increased viscosity in the first step effectively prevented both the 

monomer diffusion in the mold and the oxygen diffusion in the molding precursor.  
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3.3 Characterization 

 The hydrogel micropillar arrays were characterized for their structural, 

mechanical, surface and wetting properties as described below. 

3.3.1 Structural characterization 

The structure of the micropillars in both the pristine state and after collapsing by 

capillary force was characterized by scanning electron microscope (SEM). In SEM, a 

focused beam of electrons is incident on the sample and scanned in x-y direction over the 

desired sample area4. The electrons are emitted from either a thermionic or a field-

emission electron gun and can be accelerated up to 30 keV. The electron beam is focused 

by condenser lenses and passed through scanning coils. After the electron beam hits the 

sample it interact with the sample to produce backscattered electrons, secondary electrons 

and radiation which can be detected for imaging or other sample analysis purposes. The 

secondary electrons scattered from each incident point on the sample surface are detected 

to form an entire image from a full scan. 

In this work, we used FIB Strata DB 235, field-emission scanning electron 

microscope to image our samples by secondary electron detector. An acceleration voltage 

of 5kV was used for the electron beam with a spot size 3. To prevent static charge 

accumulation due to electron beam on our non-conducting samples, we sputter coated a 

thin layer of platinum on the samples before imaging. 

3.3.2 Mechanical characterization 

The elastic moduli of the micropillar materials were characterized by indentation 

technique. In this technique, the sample surface is indented by an indenter of known 

geometry and the indentation depth is recorded as a function of applied load. Depending 
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on the indenter geometry, the elastic modulus of the sample can be determined from the 

indentation-load curve. In case of a spherical indenter whose elastic modulus is much 

larger than that of the probed sample and neglecting adhesion, Hertz theory gives the 

following relation5 between the applied force, F and indentation depth, δ. 

 ( )
1/ 2

3/ 2
2

4
3 1

r EF δ
ν

=
−

                     (3.1) 

where r is the indenter radius, and E and ν are the elastic modulus and Poisson’s ratio of 

the sample, respectively. In case of conical indenter6, under similar assumptions the load-

indentation relation is given as 

 ( )
2

2

2 tan
1

EF α δ
π ν

=
−

                     (3.2) 

where α is the half opening angle of the conical indenter.  

 In Chapter 4, we have used a commercial indentation instrument (MTS 

Nanoindenter XP) with a built-in analysis software to determine the elastic modulus of 

dry hydrogel samples. The indenter was a spherical diamond indenter with a radius of 

13.5 µm.  

 In Chapter 6, we used an atomic force microscope (AFM) (Multimode AFM, 

Digital Instruments) nanoindentation5,7,8 in a fluid cell to measure the elastic modulus of 

our hydrogel samples in hydrated state. We used rectangular silicon cantilever with a 

conical tip at the end as nanoindenter.  

 In AFM nanoindentation, the cantilever tip is brought in contact and indented in 

the sample of interest9. The relative motion between the cantilever and the tip is 

controlled on nanometer scale by means of piezoelectric tube. Either the sample or the 
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cantilever can be mounted on the piezo tube keeping the other one fixed. Once the tip 

comes in contact of the sample, upon further piezo movement, the cantilever deflects and 

also the tip indents the sample (Fig. 3.2). The cantilever deflection is measured by 

reflecting a laser off the  

 

Figure 3.2 Schematic illustration of AFM nanoindentation and a typical tip deflection vs. 

piezo displacement curve. 

 

cantilever back and detecting the reflected laser on a position sensitive photodiode. By 

this method, a plot is obtained between cantilever deflection d and piezo displacement z 

(Fig. 3.2) which is analyzed to get elastic modulus of the sample. In case of infinitely stiff 

sample, after contact there will be no indentation and the cantilever deflection d is equal 

to the piezo deflection z. On the other hypothetical extreme, in case of zero sample 
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stiffness, there will be no tip deflection (d = 0) regardless of piezo displacement z. In all 

other cases, indentation δ is given as, 

 z dδ = −                                  (3.3) 

The force applied by a cantilever tip deflected by amount d, on the sample is 

 F kd=                                  (3.4) 

where k is the spring constant of the cantilever. The spring constant of the cantilever was 

determined by the resonant frequency method as outlined by Sader and co-workers10. In 

this method, only the length and width of the cantilever and its resonant frequency and 

quality factor is required to determine its resonant frequency. The resonant frequency and 

quality factor is readily determined by the AFM in tapping mode and the cantilever 

dimensions can be obtained by an optical microscope. By this method, the spring 

constant is given as, 

 2 20.1906 f f i fk b LQρ ω= Γ                     (3.5) 

where L and b are the length and width of the rectangular cantilever, respectively, ωf and 

Qf are the resonant frequency and the quality factor of the cantilever in fluid (air), 

respectively, ρf is the fluid (air) density and Гi is the imaginary part of the hydrodynamic 

function (available from literature10,11), which is function of Reynold’s 

number, 2Re / 4f f bρ ω η= , where η is the fluid viscosity. Once k is known, the modulus 

can be determined from the d vs. z plot by means of Eqs. 3.2 -3.4. 

3.3.3 Surface energy and wetting characterization 

We used Ramé-Hart goniometer with DROPimage Standard software to 

determine liquid contact angles on our samples. In this method, a small (~ few micro 

liters) liquid droplet placed on a substrate is imaged by a camera. A circle is fit to the 
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drop profile to determine the contact angle. In Chapter 4, we measured the contact angles 

of a polar (water) and a non-polar (methylene iodide) liquid on our samples to determine 

the sample surface energy from the contact angle data by harmonic mean method 

provided by the DROPimage Standard software. In the harmonic mean method12, it is 

assumed that the work of adhesion between two surfaces is twice the harmonic mean of 

their surface energies. Further, the surface energies are sum of polar and non-polar 

(dispersive) components. Work of adhesion between two components, liquid 1 and solid 

S is defined as 1 1 1S S SW γ γ γ= + − . According to Young’s equation, ( )1 1 11 cosSW γ θ= + , 

where θ1 is the contact angle of liquid 1 on solid S. Further, writing the surface energy as 

sum of the polar and dispersive components, for pair of liquid 1 and solid S we get, 

 ( ) 1 1
1 1

1 1

4 41 cos
d d p p

S S
d d p p

S S

γ γ γ γγ θ
γ γ γ γ

+ = +
+ +

                   (3.6) 

where superscripts d and s denote dispersive and polar components, respectively. Similar 

equation can be obtained for a pair of liquid 2 and solid S.  

( ) 2 2
2 2

2 2

4 41 cos
d d p p

S S
d d p p

S S

γ γ γ γγ θ
γ γ γ γ

+ = +
+ +

                   (3.7) 

In these two Eqs. 3.6 and 3.7, θ1 and θ2 are measured by goniometer. Thus, if the surface 

energy components of the two liquids are known, the two components of the surface 

energy of solid S can be obtained by solving the Eq. 3.6 and Eq. 3.7 together. 

 In Chapter 5, we characterized the wetting profile in micropillar arrays by using 

low molecular weight molten polystyrene as wetting liquid and after solidification, 

imaged by AFM. 
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3.3.4 Optical characterization 

In Chapter 6, we discussed utilizing the randomly clustered micropillar array for 

ultrathin whiteness. The whiteness was measured by CIE lightness index13, L, using a 

photospectrometer (MHT Spectro Shade Micro). White light is incident on the sample at 

an angle of 450 from the surface normal and diffuse reflectance is measured by measuring 

the reflectance in the direction normal to the sample. L represents diffuse reflectance of a 

surface on a scale from 0 to 100, 0 being black and 100 being perfect white. 
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Chapter 4 

Replica Molding of High Aspect-Ratio Hydrogel 

Micropillar Arrays 

 

High aspect-ratio hydrogel micropillar arrays are attractive in many applications, 

such as tissue engineering, actuation, and sensing. Their chemical and physical properties 

can be tailored for specific applications. For example, by simply varying the composition 

of the hydrogel materials, mechanical properties of the resulting micropillars can be 

tuned. In this Chapter using a two-step replica molding method we fabricated hydrogel 

micropillar arrays in different materials and geometries, and investigated their stability 

against adhesive and capillary forces. 

 

4.1 Introduction 

 Owing to their many potential applications, HAR micropillar arrays have been 

fabricated in a variety of both inorganic1-5 and organic6-11 materials by employing top-

down1,2,7,10, self-assembly4 and replica molding6,8,11 approaches (Section 1.3). However, 

it remains a challenge to fabricate high-aspect-ratio hydrogel micropillar arrays. 

 Because of their biocompatibility, softness, and porous nature, hydrogels are of 

interest in living cell studies and tissue engineering12. Their chemical and physical 

properties can be easily tailored, and many of them are sensitive to external stimuli, such 

as solvent, pH, temperature and electric field, therefore, attractive for applications of 

sensors and actuators.12 Most reported hydrogels, however, have been patterned by 
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photolithography directly from the respective liquid monomer solutions,13-16 where poor 

control over free-radical diffusion during polymerization has limited the feature 

resolution. In addition, large volume shrinkage often occurs during polymerization,17,18 

leading to dimensional distortion for complex structures. Replica molding19 from PDMS 

has been applied to pattern hydrogels from both monomers20 and polymers.21-23 However, 

the aspect-ratio of the patterned structures is often less than 5 with feature sizes on the 

order of tens of microns.  It is found difficult to directly mold hydrogels from their 

monomers because the oxygen dissolved in the PDMS mold could diffuse out and inhibit 

the free-radical polymerization24 beyond the skin around the PDMS channels. This 

problem is further aggravated when the surface area to volume ratio increases with the 

aspect ratio and the feature size of PDMS channels is decreased to sub-micron scale. 

 Here, we describe a modified replica molding approach through a two-stage 

process to fabricate dense (up to 4.4 × 107 pillars/cm2), high-aspect-ratio (up to 12) 

hydrogel pillar arrays with feature size ranging from 350 nm to 1 µm. First, the 

monomers were partially photopolymerized. The precursor solution was then mixed with 

a crosslinker and additional photointiators for molding. We found that the partial 

polymerization step was critical to the success of replica molding of the high-aspect-ratio 

hydrogel pillars. It minimized the problems caused by oxygen inhibition and by diffusion 

of monomers into the mold. To demonstrate the versatility of our fabricaton method, we 

studied three different polymer systems, including poly(hydroxyethyl methacrylate) 

(PHEMA), poly(hydroxyethyl methacrylate-co-N-isopropylacrylamide) (PHEMA-co-

PNIPA) and poly(ethylene glycol dimethacrylate) (PEGDMA), which were 

photocrosslinked by EGDMA. PHEMA based hydrogels are commonly used in 
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biomedical applications,12 such as contact lenses. PNIPA is temperature responsive and 

its hydrogels have been studied for drug delivery, tissue engineering, and responsive 

optics.12 PEGDMA based materials have been used in dental fillings25. For various 

applications, it will be important to investigate the stability of these hydrogel pillars in 

both the dry and wet states.  We found that in the dry state, because of the high elastic 

moduli, all the structures remained stable. When exposed to water, PHEMA-co-PNIPA 

micropillars were swollen by water, which effectively reduced the hydrogel mechanical 

strength.  After drying, the pillars were found collapsed to the substrate (i.e. ground 

collapsed), which was attributed to the decreased stiffness of the pillars. Similar behavior 

was observed when PHEMA micropillars were treated with water and subsequently 

dried. In contrast, the surface of highly crosslinked PEGDMA micropillar array was 

found superhydrophobic, and the pillars remained stable after drying from water.  When 

exposed to a lower surface energy solvent, ethanol, the PEGDMA pillars were wetted and 

collapsed by the capillary force. Depending on the pillar array geometry, we found that 

PEGDMA pillars collapsed either randomly (from less dense, smaller diameter 

micropillar arrays) or in an ordered fashion (from more dense larger diameter ones), 

forming complex hierarchical micropatterns. 

 

4.2 Experimental methods 

4.2.1 Materials 

HEMA (98%) and NIPA (99%) monomers were obtained from Aldrich. EGDMA 

(98%) was obtained from Alfa Aesar. Photoinitiator, Darocur 1173, was obtained from 

Ciba Specialty Chemicals Inc. All the chemicals were used without further purification. 
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4.2.2 Replica molding of hydrogel pillars 

The fabrication process is outlined in Figure 4.1. In a typical process, 2.5 mL 

HEMA was mixed with 75 µL Darocur 1173 in a 20 mL glass vial and exposed to UV 

light (UVP Blak-Ray, ~8 mW/cm2) for 2 minutes to obtain a viscous, partially 

polymerized PHEMA precursor solution. Before molding, additional 50 µL Darocur 

1173 and 25 µL EGDMA (crosslinker) were added to this solution to prepare the molding 

precursor. To obtain partially polymerized PHEMA-co-PNIPA solution, 0.5 g NIPA was 

dissolved in 2.5 mL HEMA mixed with 75 µL Darocur 1173 in a 20 mL glass vial, 

followed by UV exposure for 2 minutes. Additional 50 µL Darocur 1173 and 25 µL 

EGDMA was added to this solution for molding. To prepare partially polymerized 

PEGDMA solution, 2.5 mL EGDMA was mixed with 75 µL Darocur 1173 in a 20 mL 

glass vial and exposed to UV light for 30 seconds. Since EGDMA itself is a crosslinker, 

only 50 µL Darocur 1173 was added to the viscous solution for the later molding. 

 PDMS molds were fabricated by mixing PDMS prepolymer and curing agent 

(RTV 615, GE Silicones) in 8:1 ratio (by weight), which was then cast onto the silicon 

master, followed by thermal curing at 65oC for 4 hours. The PDMS replica mold was 

carefully peeled off from the silicon master and used without any further surface 

treatment. To fabricate the hydrogel pillar array, the molding solution was cast on a pre-

cleaned glass slide, and the PDMS mold was pressed over it, followed by UV exposure 

for 10 minutes before peeling off the PDMS mold. 
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Figure 4.1 Schematic illustration of the fabrication process of hydrogel micropillar 

arrays. 

 

4.2.3 Characterization 

Viscosity of the molding precursors was measured using a Bohlin Gemini 

Rheometer. Scanning electron microscopy (SEM) images were obtained on FEI Strata 

DB235 Focused Ion Beam at acceleration voltage of 5 kV and spot size of 3. Contact 

angles were measured using ramé-hart goniometer with DROPimage Standard software 

and averaged over at least 3 fresh spots. The surface energies were determined from the 

contact angles of water and methylene iodide on the hydrogel films using the harmonic 

mean method provided by the DROPimage Standard software. The Young’s modulus of 

the hydrogel in the dry state was measured by nanoindentation (MTS Nanoindenter XP 
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instrument) over at least 4 spots using a 13.5 µm radius spherical diamond indenter with 

a maximum load of 50 mN. 

 

4.3 Results and discussion 

4.3.1 Fabrication 

The geometry of micropillar arrays fabricated by the method described above is 

defined in Fig. 4.1, where h is the pillar height, d is pillar width or diameter, and w is the 

spacing between two adjacent pillars. Three sets of pillars were studied, including 1) 

square pillars, d = 1 µm, h = 9 µm (aspect ratio of 9), w = 1 µm, and area density of 2.5 × 

107 pillars/cm2, 2) circular pillars, d = 750 nm, h = 9 µm (aspect ratio of 12), w= 750 nm, 

and area density of 4.4 × 107 pillars/cm2, and 3) conical pillars,  dtip = 350 nm, dbase = 750 

nm, h = 7 µm, wbase = 1.25 µm, and area density of 2.5 × 107 pillars/cm2. 

 Our initial attempts to mold the pillar arrays from the respective monomers were 

unproductive. We suscept that oxygen dissolved in the PDMS mold could inhibit the 

free-radical polymerization24 of the monomers within the mold channels, especially for 

sub-micron, high-aspect-ratio structures, which have large surface area to volume ratio. 

No hydrogel pillars were obtained even when the molding was carried out under nitrogen. 

Furthermore, we found that the monomers could readily diffuse into the PDMS mold, 

resulting in swelling and deformation of the mold. 

 When the monomers are partially polymerized, however, the viscosity of molding 

liquid increases dramatically, therefore, effectively minimizing the problems due to 

oxygen diffusion to the molding liquid and the swelling of the PDMS mold. The typical 

viscosity values vs. the UV exposure time for the mixture of HEMA and NIPA is shown 
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in Fig. 4.2. Some deviations were observed in different cycles due to the fluctuations of 

the UV lamp power. For precursors with viscosity ranging from ~500 cps to ~1500 cps, 

we were able to repeatedly replicate the high density, high-aspect-ratio hydrogel pillar 

arrays nearly perfectly from the PDMS molds (Fig. 4.3).  

 

Figure 4.2 Typical viscosity values vs. UV (~ 8 mW/cm2) exposure time for 2.5 mL 

HEMA mixed with 0.5 g NIPA and 3 wt% photoinitiator. 



 55

 

Figure 4.3 SEM images of different hydrogel pillar arrays. (a-c) PHEMA, (d-f) PHEMA-

co-PNIPA, and (g-i) PEGDMA. (a, d, g) Square pillars: 9 µm tall, 1 µm wide, and 

adjacent pillar spacing of 1 µm. (b, e, h) Circular pillars: 9 µm tall, 750 nm in diameter, 

and adjacent pillar spacing of 750 nm. (c, f, i) Conical pillars: 7 µm tall, tip diameter of 

350 nm, base diameter of 750 nm, and adjacent pillar spacing of 1.25 µm at base. Scale 

bar in (a) applies to all the images. 
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4.3.2 Stability of micropillar arrays in dry state 

As shown in an earlier study11, the stability of high-aspect-ratio polymer pillars 

against adhesive forces depends on the elastic bending energy of the micropillars in 

collapsed or bent configuration, which competes with the adhesive force between pillars. 

As the stiffness of the pillars decreases, adhesion force begins to dominate, leading to 

either ground collapse or lateral collapse (i.e. pillars touching each other). The critical 

elastic modulus of ground collapse is  described as,26  

11 3 1 3
22 4 4 2

*
5
2

2 3 (1 )

( )
g

v h WE
dπ

−=           (4.1) 

where, W is work of adhesion and v is the Poisson ratio. The critical elastic modulus for 

lateral collapse, E*
L, can be estimated as,8 
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where γs is the surface energy of the pillar material, which was determined by harmonic 

mean method27 from the contact angles of water and methylene iodide on the polymer 

film (see Table 1). E*
g and E*

L for conical pillars were estimated using the base diameter 

and spacing. The elastic modulus, E, of UV cured hydrogels was measured by 

nanoindentation.28 As shown in Table 4.1, the elastic moduli of the three investigated 

hydrogel systems are much higher than the required E*
g and E*

L for the three pillar array 

geometries. Therefore, stable, high-aspect-ratio hydrogel pillar arrays were obtained as 

predicted. 
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Table 4.1 Surface energy, Young’s modulus and critical modulus of ground and lateral 

collapse for different hydrogel pillar arrays. 

Critical modulus for collapse, (MPa) 
Square Circular Conical  

Surface 
energy, γs 
(mN/m) E*

L E*
g E*

L E*
g E*

L E*
g 

Young’s 
modulus, E 
(MPa) 

PHEMA 33.4±0.1 584 8 380 16 83 11 1790±12 

PHEMA-
co-PNIPA 32.7±0.3 572 8 373 16 82 11 1825±8 

PEGDMA 37.6±0.2 658 9 429 18 94 13 1582±26 

 

4.3.3 Stability of micropillar arrays in wet state 

When the pillars were immersed in water and subsequently dried, however, they 

behaved quite differently.  Both the PHEMA and PHEMA-co-PNIPA conical pillar 

arrays (dtip = 350 nm, dbase = 750 nm, h = 7 µm, and wbase = 1.25 µm) appeared ground 

collapsed (Fig. 4.4c) after immersed in water for 15 minutes and blown-dried in air.  In 

contrast, PEGDMA conical pillars remained stable in water even after immersed in water 

for 30 minutes, followed by blow-drying in air (Fig. 4.5b).  
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Figure 4.4 Stability and wettability of PHEMA-co-PNIPA conical pillar array when 

exposed to water. (a-b) Optical images of water droplet on PHEMA-co-PNIPA conical 

pillar array. (a) Initial film with water contact angle of 140o. (b) Film after soaking in 

water for 15 minutes and blown-dry, water contact angle of 83o.  (c) SEM image of the 

ground collapsed hydrogel pillar arrays after air dried corresponding to (b). 

 

 Since these hydrogel pillar arrays have the same geormetry and size, we believe 

the very different collapsing behavior could be attributed to their wettablity/swellability 

and capillary force generated during the solvent drying process.29 The stiffness of 

hydrogels could be drastically decreased when the hydrogel film is swollen by water. For 

example, the Young’s modulus of PHEMA based hydrogels changes from ~1.8 GPa in 

air to less than 5 MPa in water.30,31  Since the behaviors of PHEMA based hydrogels and 

PHEMA-co-PNIPA hydrogels are very similar, we have focused on the comparison 

between PHEMA-co-PNIPA and PEGDMA pillars. 
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Figure 4.5 Stability and wettability of PEGDMA conical pillar array when exposed to 

water. (a) Optical image of water droplet on PEGDMA conical pillar array before and 

after soaking in water for 30 minutes and blow-dried, water contact angle of 1590.  (b) 

Optical microscope image of the PEGDMA conical pillar array corresponding to (a) after 

soaking in water and blow-dried. 

 

The wettability of structured polymers is dependent on both the surface 

topography and Young’s contact angle on a flat substrate, θ0, as described by Cassie32 and 

Wenzel33 models. The Cassie model assumes that the water droplet sits on the air-solid 

composite surface, and the Cassie contact angle is defined as 

cosθc = f (cosθ0 + 1) − 1                    (4.4) 

where f is the fraction of solid area on the solid-air surface. The Wenzel model assumes 

that the liquid droplet wets completely between the grooves without trapped air. The 

Wenzel contact angle is defined as 

cosθw = r cosθ0                     (4.5) 

where r is the surface roughness, i.e. the ratio of actual surface area to the geometrically 

projected surface area.  
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Figure 4.6 Comparison of measured water contact angles on the hydrogel pillar arrays 

vs. those predicted by Cassie and Wenzel models. 

 

 As seen in Fig. 4.6, the initial water contact angles on all hydrogel pillar arrays 

are close to the Cassie state, implying that the water droplet sits on the tips of pillars. 

However, we observed gradual decrease of the water contact angle from 140o (Fig. 4.4a) 

to 125o within 30 seconds of placing a water droplet on PHEMA-co-PNIPA conical pillar 

array.  It further decreased to less than 90o in approxmiately 10 min.  The decrease in 

contact angle suggests gradual wetting and absorption of water by the pillars over time 

resulting in drastically reduced elastic modulus. When the PHEMA-co-PNIPA conical 

pillar array was immersed in water for 15 min., followed by blow-drying, its water 

contact angle was significantly lowered to 83o (Fig. 4.4b), close to that on a flat PHEMA-
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co-PNIPA surface, 84o.  Given the observation that the pillars were all ground collapsed, 

it is reasonable that the contact angle on collapsed pillars is close to that on the flat 

surface. Thus, the ground collapse of PHEMA-co-PNIPA conical pillars can be attributed 

to drastically decreased Young’s modulus (~5MPa) of the hydrogel in water which makes 

them susceptible to ground collapse due to adhesive forces (Table 4.1).  

 The surface of PEGDMA conical pillar array, on the other hand, was found 

superhydrophobic with a water contact angle of 159o (Fig. 4.5a). The water droplet 

readily rolled off the pillar array surface, and the water contact angle did not decrease 

even after the PEGDMA conical pillar array was immersed in water for 30 minutes.  

Since the water contact angle on a flat PEGDMA film, 88o, is not very different from that 

on a flat PHEMA-co-PNIPA film, 84o, the non-wettability and surface stability could be 

attributed to the high crosslinking density of PEGDMA, where EGDMA itself serves as 

both monomer and crosslinker.  It has been shown that crosslinking could effectively 

increase the polymer film’s mechanical robustness, thus, limiting water diffusion into the 

films and preventing surface reconstruction.34  Thus, the stability of PEGDMA conical 

pillars in water can be explained by their non-wettability in water.   

 To further investigate the importance of wettability to pillar stability, we 

immersed the PEGDMA conical pillar array in ethanol, which has a lower surface 

energy, γethanol = 22.3 mN/m, than water, γethanol = 72.0 mN/m. Ethanol readily wets the 

PEGDMA surface with a Young’s contact angle, θ0 = 42o, however, it does not appear to 

swell the highly crosslinked PEGDMA to an appreciable extent.  Ethanol was completely 

wetted on the PEGDMA conical pillar array, which agreed with the Wenzel model that 

surface roughness enhances wetting if the Young’s contact angle is below 90o (Fig. 4.6). 
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After blow-dried in air, the PEGDMA conical pillar array was found randomly collapsed 

(Fig. 4.7a) and appeared white, whereas the micropillar array immersed in ethanol before 

drying showed multiple diffraction colors, suggesting the highly ordered, stable structure. 

Since, the micropillar arrays were stable while still immersed in ethanol, the collapsed 

structure after blow-drying should be attributed to capillary force exerted by the ethanol 

evaporation off the micropillar arrays during drying. 

 

Figure 4.7 Images of different PEGDMA micropillar arrays after soaking in ethanol for 

15 minutes followed by blow-drying. (a) Optical microscope image of conical pillar array 

(dtip = 350 nm, dbase = 750 nm, h = 7 µm , and wbase = 1.25 µm) and (b) SEM image of 

circular pillar array (d = 750 nm, h = 9 µm, w = 750 nm). 

 

 Further, we demonstrated the effect of pillar array geometry on the capillary force 

induced collapsing behavior. When more densely packed, larger diameter PEGDMA 

circular pillars (d = 750 nm, h = 9 µm, w = 750 nm, pillar density of 4.4 × 107 

pillars/cm2) were treated with ethanol, an interesting superstructure was observed: i.e. 

most of the pillars collapsed together in a group of four (Fig. 4.7b).  The result is similar 
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to the observation reported by Segawa35 et al. where the authors attributed the micropillar 

collapse to Laplace pressure difference due to curved liquid surface formed during drying 

of the liquid.  

 However, as we will show in the following Chapters, in case of 2-dimensional 

arrays of HAR micropillars, the collapsing is due to capillary meniscus interaction force36 

while the pillars are still surrounded by a continuous liquid body (i.e. no isolated capillary 

bridges) rather than due to often reported Laplace pressure difference. 

 

4.4 Conclusions 

 Using replica molding, we successfully fabricated high density (>107 pillars/cm2), 

high-aspect-ratio (up to 12) hydrogel micropillar arrays from partially polymerized 

precursor solutions.  The partial polymerization step was found critical to minimize the 

problems, including inhibition of polymerization by oxygen and permeation of monomer 

into the PDMS mold.  Because of their high Young’s modulus in the dry state, all 

hydrogel pillar arrays were highly stable in air.  Exposure of the PHEMA-co-PNIPA 

conical pillar array to water caused gradual wetting and swelling of the pillars, which 

drastically decreased their Young’s modulus. The drastic reduction in hydrogel stiffness 

led to ground collapse of these micropillars.  In comparison, PEGDMA conical 

nanopillars maintained their stability without wetting or swelling by water.  Hoever, 

when immersed in ethanol, a much lower surface energy solvent than water, wetting 

occurred and the PEGDMA pillars collapsed after drying due to capillary force. 

Depending on the pillar array geometry and size, PEGDMA nanopillars collapsed either 

randomly in the case of conical pillars or form complex hierarchical structures in the case 
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of more densely packed circular pillars. We believe that our fabrication technique can be 

readily extended to other hydrogel systems, and the hydrogel composition and 

mechanical properties can be tailored for a wide range of applications, including ultrathin 

whitening37, photonics, sensors, microfluidics, and tissue engineering.  

 Detailed study of the nature of the capillary force in micropillar arrays when 

immersed in a liquid, followed by evaporation of liquid, and the effect of micropillar 

elastic modulus on the clustering behavior will be presented in Chapters 5 and 6, 

respectively. 
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Chapter 5 

Nature of Capillary Force in 2D Arrays of Micropillars: 

Isolated Capillary Bridges or Lateral Capillary Meniscus 

Interaction Force? 

 

As we have observed in the previous Chapter, when a wetting liquid is evaporated 

off a micropillar array surface, the pillars collapse (in some cases in an ordered fashion) 

due to the capillary force exerted by the evaporating liquid. However, as discussed in 

Chapter 2, the nature of the capillary force depends on the geometry of the system. In 

order to understand the clustering behavior of the micropillars due to capillary force, in 

this chapter we present experimental results and theoretical analysis to investigate the 

nature of the capillary force in 2-dimensional arrays of micropillars when a liquid is 

evaporated off their surface.  

 

5.1 Introduction 

With decreasing feature size and increasing aspect-ratio, the surface area to 

volume ratio of the HAR micropillars increases, resulting in dominant effect of surface 

forces, such as adhesion, friction, and capillary forces, which adversely  impacts their 

mechanical stability. While the large surface area and increased mechanical compliance 

have lead to many key advantages of micropillar arrays for a wide range of applications, 

such as sensors1, mechanical actuators2, bio-mimetic dry adhesives3,4 and tunable 

wetting5, these properties also result in their increased susceptibility to deformation due 
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to adhesion6,7 and capillary forces.8-10 Recently, capillary force has also been harnessed to 

self-assemble hierarchical microstructures.8,11,12  

 The phenomenon of capillary force is responsible for a wide range of macroscopic 

and microscopic observations, ranging from the rise of liquid in a capillary tube and 

clumping together of hair after shower to self-assembly of microparticles.13 In general, 

the capillary force is proportional to the liquid-vapor interfacial energy γ and results from 

the tendency of a system to minimize the sum of the three interfacial energies – liquid-

vapor (γ), solid-vapor (γsv) and solid-liquid (γsl) – which are related to each other through 

Young’s equation,  

cos 0sv slγ γ γ θ− − =                                             (5.1) 

where, θ is the equilibrium contact angle. However, the exact expression for the capillary 

force depends on the actual geometry of the system and gives rise to a range of 

phenomenon, such as distortion of photoresist patterns due to negative Laplace pressure 

of the capillary bridge14,15, buckling of microfilaments due to liquid surface tension along 

the three phase contact line,16 coalescence of fibers driven by reduction in liquid-vapor 

surface area,17,18 and aggregation of particles partially immersed in or floating on a liquid 

surface due to lateral forces arising from capillary menisci interaction.13  

Distortion of one-dimensional (1D) array of tall microstructures, when a liquid is 

evaporated off their surface, has been previously explained in terms of Laplace pressure 

difference due to isolated capillary bridges formed between the structures,14,15  and the 

same argument is often extended to explain the instability of two-dimensional (2D) arrays 

of high aspect-ratio structures9,12,19,20. Occasionally, the collapsing behavior of 2D 

micropillar arrays has been attributed to lateral forces arising from interaction between 
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capillary menisci formed around the microstructures,21 and sometimes no distinction is 

made between these two approaches.22 Furthermore, justification for employing either of 

the two approaches has not been provided in the literature. 

In this Chapter, we present experimental evidence to show that in case of 2D 

arrays of micropillars, when a liquid is evaporated off their surface, the clustering of the 

micropillars should be attributed to the lateral forces resulting from capillary menisci 

interaction rather than to Laplace pressure difference due to isolated capillary bridges. 

Simple theoretical arguments show 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 isolated capillary bridges. Consequently, the critical elastic 

modulus necessary for the stability of the micropillars is much smaller than that estimated 

by capillary bridge approach.  

 

5.2 Experimental methods 

We used short chain, monodisperse polystyrene (PS) melt (Mn = 1.79 kg/mol and 

PDI = 1.06, PSS Germany) as the wetting liquid on epoxy micropillar arrays (2D square 

lattice) to study their capillary induced collapsing behavior and to visualize the liquid 

morphology between the micropillars. The epoxy micropillar arrays were prepared by 

using poly(dimethyl siloxane) (PDMS) molds to replica mold a mixture of commercially 

available epoxy resin (DER 354, Dow Chemical) and 3 wt% cationic photoinitiator 

(Cycracure UVI 6976, Dow Chemical), followed by UV curing (~8.5 mW/cm2) for ~30 

minutes. Two types of epoxy micropillar arrays were fabricated. Mechanically stable low 

aspect-ratio micropillar arrays (diameter 10 µm, height 10µ and pitch 20 µm) were used 
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to obtain wetting profile of the molten PS between the micropillars, and high aspect-ratio 

micropillar arrays (diameter 0.6 µm, height 4.8 µm and pitch 1.5 µm) (Fig. 5.1a) were 

used to observe their collapsing behavior due to capillary force of the PS melt. The 

micropillar array was placed on a hot plate at 1800C with a few particles of PS powder 

sprinkled on the top. The PS quickly melted on the micropillar array and was left at 

1800C for an hour for evaporation. The micropillar array was then cooled to room 

temperature to freeze the polystyrene for subsequent imaging by scanning electron 

microscope (SEM) (FEI Strata DB235) and atomic force microscope (Digital 

Instruments, Dimension 3000). Previous studies have shown that the morphology of PS 

remains identical before and after freezing.23,24  

 

Figure 5.1 SEM images of epoxy micropillar arrays. (a) As fabricated and (b) collapsed 

by polystyrene melt. 

 

5.3 Results and discussion 

As seen in the SEM image in Fig. 5.1b, the micropillars collapsed while still 

completely surrounded by PS liquid. The absence of isolated capillary bridges between 
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the micropillars, and the fact that a continuous liquid body in mechanical equilibrium has 

a constant Laplace pressure everywhere,25 indicate that Laplace pressure difference 

cannot explain the observed collapse of micropillars. It should be noted, however, that for 

1D array of line patterns, Laplace pressure argument is applicable because in that 

geometry isolated liquid between the lines could exist, resulting in different Laplace 

pressures.  

 

Figure 5.2 AFM scan of polystyrene wetting morphology in epoxy micropillar arrays. 

The mean curvature at two representative points, A and B is the same. 

 

Atomic force microscopy (AFM) imaging of polystyrene frozen in a mechanically 

stable, low-aspect-ratio micropillar array (Fig. 5.2) further confirms that the mean 

curvature, and thus the Laplace pressure in the liquid surrounding the micropillars, is 

constant everywhere. For example, in Fig. 5.2, mean curvature at point A between 

adjacent pillars, ( )1 1
1 3 2R R− −−  is equal to 1

2R−− , the mean curvature at point B between 

diagonally opposite pillars. However, even in absence of Laplace pressure variation, 

when two particles are partially immersed in a liquid or float on a liquid interface they 

experience a lateral capillary meniscus interaction force,26 which can be either attractive 



 72

(when the particles are both hydrophobic or both hydrophilic) or repulsive (when the 

particles have opposite wettabilities). This lateral force arises because of the deformation 

of the otherwise flat liquid surface due to presence of the particles. Based on the 

equations given by Kralchevsky et al.27, an expression (see section 5.6 for derivation) for 

the capillary interaction energy, Wc of two cylinders (Fig. 5.3a) when partially immersed 

in a liquid of surface tension γ with a contact angle θ, 

2 2
2 2 42 cos lnc

c

x x RW R
l

πγ θ
⎛ ⎞+ −= ⎜ ⎟⎜ ⎟
⎝ ⎠

                                                            (5.2) 

Here, lc is the capillary length of the liquid and R and x are as defined in Figure 5.3a. 

Thus, the capillary force between the cylinders is, 

( )

2 2

2 2
2

cosc
c

x

W RF
x R

πγ θ∂= − = −
∂ −

                                                                             (5.3) 

In case of micropillars, where one end is fixed on the substrate, the torque τc on the 

micropillars due to the Fc is, 

( )

2 2

2 2
2

cos
c

x

R h

R

πγ θτ =
−

                                                                                      (5.4) 
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Figure 5.3 Schematic illustrations of two micropillars (a) partially immersed in a liquid 

and (b) with an isolated capillary bridge between them. 

 

For the same geometry, in case of isolated capillary bridge between the micropillars (Fig. 

5.3b), the Laplace pressure difference is approximately 
2

cos
l x

P
R

γ θ≈
−

, and thus the torque 

on the micropillars is, 

2

2 2

2 cos cos( )l x x

R Rhh dh
R R

γ θ γ θτ ≈ =
− −∫                                                            (5.5) 

The ratio of the torques calculated by two approaches is, 

2

2cos

x
l

x
c

h R
R R

τ
τ π θ

+≈
−

                                                     (5.6) 

Thus, according to Eq. 5.6, for a typical case of θ = 600 and aspect ratio of 10, the 

torque in case of isolated capillary bridge is at least 12 times greater than that from lateral 

capillary meniscus interaction.  

The large difference in the torques calculated from the two approaches is reflected 

in a large difference in the critical elastic modulus for the stability of micropillar arrays 

when estimated from the two approaches. The critical modulus calculated form the 
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capillary meniscus interaction approach is significantly smaller than that calculated from 

isolated capillary bridge approach. It has been observed by us (see Chapter 6) and others 

that in case of micropillars arranged in a square lattice, the collapsing due to evaporation 

of a liquid initiates by groups of 4 neighboring pillars clustering together.11,21,28 Thus, in a 

simple model we consider 4 pillars on the corners of a square as shown in Fig. 5.4a-inset. 

Let the pillars come together by deflection δ in both directions. In this configuration, 

assuming superposition of pairwise interaction between micropillars, the capillary 

meniscus interaction force FC acting on a micropillar is given by 

( ) ( )
2 2

2 22 2

cos 2 1
2 2 2 2C

dF
p d p d

πγ θ
δ δ

⎛ ⎞
⎜ ⎟= +
⎜ ⎟− − − −⎝ ⎠

                              (5.7) 

The elastic restoring force acting on the deflected pillar is given as,29 

4

3

3 2
64E

EdF
h

π δ=                                                               (5.8) 

The critical modulus for stability, Ecrit, can be obtained when FE ≥ FC. A typical plot of 

FC and FE (Fig. 5.4a) shows that this condition is satisfied for some critical deflection δc, 

when the curve for FE is at least tangential to the curve for FC. Thus, the value of δc is 

obtained by solving C CdF F
dδ δ

=  in terms of δ. Putting the value of δc back into Eqs. 5.7 

and 5.8 and then solving FE = FC in terms of E gives Ecrit as, 

( )
2 3

4

32 2 cos
3crit

hE f r
d

γ θ=                                                                   (5.9) 

where, f(r) is a function of r = p/d and plotted in Fig. 5.4b:  

2 2

1 2 1( )
1 2 1

f r
r k k k

⎛ ⎞
= +⎜ ⎟⎜ ⎟− − −⎝ ⎠

                                         (5.10a) 
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( ) ( )
( ) ( )

1 1
2 2

3 3
2 2

2 2

2 2

2 1 2 11
2 1 2 2 1

k k
r kk k k

− −

− −

⎛ ⎞− + −⎜ ⎟= +
⎜ ⎟− + −⎝ ⎠

                                     (5.10b) 

 It should be noted that Ecrit is the minimum modulus below which micropillars 

will always be unstable (FC > FE) for all deflection values δ. For stable pillars, the elastic 

modulus E should be considerably greater than Ecrit such that FE > FC is maintained over 

a reasonable range of deflection δ1 (stable equilibrium) to δ2 (unstable equilibrium) (Fig. 

5.4a). Since the capillary force between the micropillars (Eqs. 5.3 and 5.7) diverges as the  

micropillar separation tends to zero, the model predicts that regardless of the value of 

elastic modulus E, for deflection values more than δ2, FC > FE. In practical situations 

though, in absence of other external forces which may cause the micropillars to deflect 

beyond δ2 to start with, stability can be ensured if FE > FC is maintained over a 

reasonable range of deflection, δ1 to δ2. 
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Figure 5.4 (a) A typical plot of capillary interaction force, FC, (solid line) and elastic 

restoring force acting on the deflected pillar, FE, (dashed lines). δ1 and δ2 represent stable 

equilibrium and unstable equilibrium, respectively. Inset: schematic illustration of 

interaction between a group of four pillars. Increasing slope of FE corresponds to 

increasing elastic modulus E. (b) Function f(r) as a function of r = p/d. The dashed line 

indicates the value of the function at r = 2. 
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 As an example, in case of circular micropillar arrays of Chapter 4 (height 9µm, 

diameter 0.75µm, pitch 1.5µm), and assuming a contact angle θ = 600, From Eq. 5.9, the 

Ecrit is calculated as 2 GPa. In comparison, for the same geometry, the critical elastic 

modulus, E’
crit, in case of Laplace pressure difference due to isolated capillary bridge 

between the four pillars is given by8,15, 

( )( )3 2 2

'
3 2

128 3 cos sin 9 cos 3 sin 2

3crit

h h w h hw
E

d w

γ θ θ θ θ

π

+ + +
=                      (5.11) 

Here, 2w p d= −  is the spacing between the diagonally opposite micropillars. From Eq. 

5.11, E’
crit is calculated as 27 GPa, which is much greater than that obtained by Eq. 5.9. 

As we will show in the next Chapter, critical modulus values estimated from Eq. 5.9 

based on capillary meniscus interaction force are close to the experimentally suggested 

values whereas, Eq. 5.11 based on isolated capillary bridge grossly underestimates the 

stability of the micropillars.  

It must be pointed out though, that in later stages of liquid evaporation, there may 

no longer be a continuous liquid body surrounding the micropillars and isolated capillary 

bridges may likely form. However, such isolated capillary bridges will be near the base of 

the micropillars and thus will exert much less torque as compared to a capillary bridge 

spanning the whole micropillar length. 

 

5.4 Conclusions 

In conclusion, we have investigated the capillary force responsible for the 

collapsing of 2D arrays of tall microstructures upon liquid evaporation. Experimental 
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evidence suggests that the capillary meniscus interaction force is mainly responsible to 

the pillar collapse rather than the often cited Laplace pressure difference due to isolated 

capillary bridges. Our quantitative analysis shows that for a given geometry, the capillary 

meniscus interaction force exerted on micropillar array is much smaller than the force 

due to isolated capillary bridge; therefore, a much smaller critical elastic modulus is 

required for the stability of the microstructures. The analysis presented here will be 

important for rational design of stable arrays of tall microstructures or for harnessing 

their instability for various applications11,28. 
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5.6 Appendix: Derivation of Equation 5.2 

According to Kralchevsky27 et al., the capillary meniscus interaction energy, Wc 

of two cylinders of radius R and separated by center-to-center distance x, partially 

immersed in a liquid of surface tension γ and making a contact angle θ (Fig. 5.3a) is 

given as, 

( )2 cosc cW R h hπγ θ ∞= − −                                                                                (A1) 

where, 

21cos 2lnc
e

eh R
qa

τ

θ τ
γ

−⎡ ⎤⎛ ⎞−= +⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

                                                                        (A2) 

and, 
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4cos ln

1 sine

h R
qR

θ
γ θ∞

⎛ ⎞
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                                                                      (A3) 

In the above equations, 

 
2

2ln 1a a
R R

τ
⎛ ⎞

= + +⎜ ⎟⎜ ⎟
⎝ ⎠

                                                                                        (A4) 

where, 

 2 2a s R= −                                                                                                      (A5) 

 where, 

 
2
xs =                                                                                                                  (A6), 

γe is the Euler-Maceroni number (γe = 1.78107) and 1/q is the capillary length given as, 

 
1/ 2

1
clq g

γ
ρ

⎛ ⎞
= = ⎜ ⎟

⎝ ⎠
                                                                                                (A7) 

where, 

ρ is the density of the liquid and g is the gravitational acceleration. 

Substituting the value of a2 from Eq. A5 into Eq. A4, we get, 

 ln a s
R

τ +⎛ ⎞= ⎜ ⎟
⎝ ⎠

                                                                                                    (A8) 

Thus, from Eq. A8, 

 
( ) ( )

2 2 2 2
2

2 2
21 1 R a s R ase

a s a s
τ− + − +− = − =

+ +
                                                        (A9) 

Substituting 2 2 2s R a− = from Eq. A5 into Eq. A9, 

 
( )

2
2

2
2 2 21 a as ae

a sa s
τ− +− = =

++
                                                                             (A10) 
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Using Eqs. A8 and A10 in Eq. A2, we get, 

( ) ( )2 2

2 4cos ln 2ln cos lnc
e e

a sh R R
R q a s q R a s

θ θ
γ γ

⎡ ⎤⎛ ⎞ ⎛ ⎞+⎛ ⎞= + =⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
      (A11) 

Substituting the values of h∞ and ch  from Eqs. A3 and A11 into Eq. A1, 

( ) ( )
2 2

2 2

4 42 cos ln ln
1 sinc

e e

W R
q R a s qR

πγ θ
γ γ θ
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= − −⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟+ +⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

                   (A12) 

Rearranging Eq. A12 and substituting the value of q from Eq. A7, 

( )
( )

2 2 1 sin
2 cos ln c

c
e

l
W R

a s
θ

πγ θ
γ

⎛ ⎞+
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                                                             (A13) 

Using Eqs. A5 and A6, 

 
2 24
2

x x Ra s + −+ =                                                                                      (A14) 

Substituting the value of a + s from Eq. A14 into Eq. A13, we get, 

( )
2 2 2 2

2 2
2 cos ln 2 cos ln

2 1 sin4
c e

c
lW R R

x x R
γπγ θ πγ θ

θ
⎛ ⎞⎛ ⎞

= − + ⎜ ⎟⎜ ⎟ ⎜ ⎟++ −⎝ ⎠ ⎝ ⎠
      (A15) 

In the above Eq. A15, the second term in the right hand side is a constant (does not 

depend on distance x) for a given system. Since the interaction potential energies can be 

defined only up to a constant, the constant term in Eq. A15 can be dropped to get, 

2 2

2 2
2 cos ln

4
c

c
lW R

x x R
πγ θ

⎛ ⎞
= − ⎜ ⎟

+ −⎝ ⎠
                                                         (A16) 

The above Eq. A16 for the capillary meniscus interaction energy is same as Eq. 5.2. 
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Chapter 6 

Capillary Force Induced Clustering Behavior of HAR 

Micropillar Arrays  

 

In the previous Chapter we established the nature of capillary force in 2-

dimensional arrays of HAR micropillar arrays and derived an expression to estimate the 

critical elastic modulus required for stability against the capillary force. In this Chapter, 

we study the clustering behavior of micropillar arrays as a function of their elastic moduli 

and compare the critical elastic modulus as estimated from Chapter 5 to the 

experimentally suggested values. We then present the utility of randomly collapsed 

micropillar arrays for ultrathin whiteness.  

 

6.1 Introduction 

Many of the applications of high aspect-ratio micropillar arrays, such as tunable 

wetting1, living cell studies2,3 and filtration and separation4, require them to be used in a 

liquid environment. However, in liquid environment, due to their large mechanical 

compliance, the micropillars are susceptible to deformation by capillary force exerted 

during liquid evaporation and cluster together5-7. On the other hand, the capillary force 

has been utilized to for example, form carbon nanotube foams8 and self-assemble 

superstructures.5,9,10 One important question is whether we can predict the clustering 

behavior of high-aspect-ratio pillars due to capillary force, which will be important to the 

utilization of capillary driven self-assembly process. 
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 In this Chapter, we present theoretical and experimental study of the clustering 

behavior of hydrogel micropillar arrays with well-defined geometries induced by 

capillary force, and their utility as biomimetic ultrathin whitening layers. The hydrogel 

micropillar arrays were fabricated by the two-step replica molding method described in 

Chapter 4 from a series of monomer mixtures. By varying the composition of the water 

swellable 2-hydroxyethylmethacrylate (PHEMA) component versus the glassy, non-

swellable methyl methacrylate (PMMA) as the micropillar material, we systematically 

modulated the effective elastic modulus of the micropillars from poly(2-

hydoxylmethacrylate-co-methyl methacrylate) (PHEMA-co-PMMA) in the wet state over 

three orders of magnitude. The ability to tune the elastic modulus of the micropillars over 

a wide range allowed us to experimentally study the effect of elastic modulus on 

clustering. Clustering of macroscopic fibers when withdrawn from a liquid bath has been 

studied previously in terms of balance between elastic bending energy and capillary 

energy.11,12 It is important to point out that in these studies the capillary energy due to 

clustering originated from reduction in liquid-vapor surface area along a part of fiber 

length withdrawn from the liquid. However, as discussed in Chapter 5, in the case of 

micropillar clustering during liquid evaporation, the relevant capillary energy is the 

interaction energy of the liquid menisci13 surrounding the micropillars which are still 

immersed in the liquid except at the tip (Fig. 3a-ii), and few have systematically 

investigated micropillar clustering by considering meniscus interaction energy. Here, by 

minimizing the sum of capillary meniscus interaction energy and the elastic bending 

energy of the micropillars, we quantitatively predicted the average cluster size as a 

function of elastic modulus of the pillar materials, which agreed well with the 
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experimental observation. Further, we demonstrated that such random clustering of 

micropillar arrays could be utilized to design ultrathin whitening layers, mimicking the 

whiteness in ultrathin white beetle scales.14  

 

6.2 Experimental methods 

6.2.1 Materials 

HEMA (98%) and MMA (99%) monomers were obtained from Aldrich and 

Acros Organics, respectively. Crosslinker, ethylene glycol dimethacrylate (EGDMA) 

(98%) was obtained from Alfa Aesar. Photoinitiator, Darocur 1173, was obtained from 

Ciba Specialty Chemicals Inc. PDMS precursor and curing agent (Sylgard 184) was 

obtained from Dow Corning. All the chemicals were used without further purification. 

6.2.2 Fabrication of micropillar arrays 

The micropillar arrays were fabricated by two-step replica molding process as 

described in Chapter 4. Two types of micropillar arrays were investigated, including 

geometry A (pillar diameter of 0.75µm and pitch of 1.5µm), and geometry B (pillar 

diameter of 1µm and pitch of 2µm), both of which were 9 µm tall. In a typical procedure, 

2.5 mL monomer mixture of HEMA and MMA was mixed with 75 µL Darocur 1173 and 

exposed to UV light (UVP Blak-Ray, ~8 mW/cm2) for 2 minutes (5 minutes for MMA ≥ 

60 wt %) to obtain a viscous partially polymerized precursor solution. Before molding, 

additional 50 µL Darocur 1173 and 25 µL EGDMA were added to this solution to 

prepare the molding precursor. PDMS molds were prepared by mixing PDMS precursor 

and curing agent in a 10:1 ratio by weight and pouring it on silicon micropillar arrays 

master followed by curing at 650C for 4 hours. The cured molds were then carefully 
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peeled off the silicon master. To fabricate the hydrogel micropillar arrays the molding 

solution was cast on a silicon wafer and the PDMS mold was pressed over it, followed by 

UV exposure by a 97435 Oriel Flood Exposure Source (Newport Corporation) at a dose 

of 7200 mJ/cm2. To collapse the micropillars to form clusters, the micropillar arrays were 

soaked in water for 10 minutes followed by drying in air stream.  

6.2.3 Average cluster size determination 

Clustered micropillar arrays were imaged by scanning electron microscope (SEM) 

(FEI Strata DB235 Focused Ion Beam) at acceleration voltage of 5kV and spot size 3. 

The samples were sputter coated with platinum before imaging. The cluster size was 

determined by manually counting the number of pillars in individual clusters and  

reported as average and standard deviation for all clusters in an area of 0.02 mm2 from 

SEM images. 

6.2.4 Water contact angle measurement 

Static contact angles on flat PHEMA-co-PMMA films were measured using 

Ramé-Hart goniometer with DROPimage Advanced software. Reported values were 

averaged over at least 5 different spots. Water drops used were ~1.5 µL in volume. 

6.2.5 Elastic modulus measurement 

Elastic moduli of wet PHEMA-co-PMMA films were measured by atomic force 

microscope (AFM) nanoindentation15-17 under water in a fluid cell using Digital 

Instruments Multimode AFM. The indentation force curves (cantilever deflection d vs. 

piezo displacement z, see a typical curve in Fig. 6.1a) were analyzed by a method 

outlined by Domke and Radmacher.16 Zero deflection point d0 of the cantilever was 
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determined from the non-contact part of the force curve (Fig. 6.1a). The force applied by 

the cantilever tip on the film is 

( )0F k d d= −                                                                 (6.1)  

where k is the spring constant of the cantilever which was determined by the resonant 

frequency method as described by Sader et al.18 Two types of cantilevers were used: soft 

cantilevers (k ≈ 0.1 N/m) for soft samples with MMA content ≤ 25 wt% and stiffer 

cantilevers (k ≈ 20 N/m) for samples with higher MMA content. Indentation depth is 

defined by ( ) ( )0 0z z d dδ = − − − , where z0 is the contact point (Fig. 6.1a). According to 

conical tip approximation, the relation between indentation δ and force F is given as,16,19  

( ) ( )2 22 / / 1 tanF Eπ ν δ α⎡ ⎤= −⎣ ⎦                                                           (6.2) 

where E is the elastic modulus, ν is the Poisson’s ratio (here assumed to be 0.516,17), and α 

is the half opening angle of the cantilever tip, which was determined as 18o from SEM 

imaging. From Eq. 6.1 and 6.2, 

( ) ( ) ( ) ( )2
1/ 2

0 0 0

1
2 tan
k

z d z d d d
E

π ν
α

−
− = − + −                                              (6.3) 

Eq. 6.3 suggests a linear relation between ( )z d− and ( )1/ 2
0d d− . Therefore, the elastic 

modulus E was determined from the slope of ( )z d−  vs. ( )1/ 2
0d d− (Fig. 6.1b). The 

reported elastic moduli represent average over indentations at 3 to 7 different spots for 

each sample. 
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Figure 6.1 (a) An indentation force curve for 60 wt% MMA sample and (b) the 

corresponding (z-d) vs. (d-d0)1/2 plot. 
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6.2.6 Whiteness characterization 

Whiteness of the clustered micropillar arrays were characterized by measuring 

their CIE lightness index, L,20 using a photospectrometer (MHT Spectro Shade Micro). L 

represents diffuse reflectance of a surface on a scale from 0 to 100 where 0 is black and 

100 is perfect white. The reported data represent average lightness index for 3 different 

samples with a small (less than 1) standard deviation. 

 

6.3 Results and discussion 

6.3.1 Micropillar clustering by capillary force 

Two types of hydrogel micropillar arrays were fabricated by replica molding of 

partially polymerized copolymer precursors from HEMA and MMA, followed by 

photocrosslinking (see details in Experimental methods). The micropillar arrays were 

then soaked in water and dried in stream of air to collapse the pillars to include clustering 

(Fig. 6.2). Since poly(methyl methacrylate) (PMMA) is a glassy polymer (Tg ~ 100oC) 

and does not absorb water, whereas poly(2-hydroxyethylmethacrylate) (PHEMA) does, 

we can systematically vary the composition of HEMA and MMA in the molding 

precursor, thus, controlling the degree of hydration and the effective elastic modulus of 

the micropillars in the wet state (Fig. 6.3a). As shown in Fig. 6.2 the micropillar cluster 

size decreases with increasing PMMA content and thus increasing elastic modulus (Fig. 

6.3a). For a given PMMA content, the cluster size from type A micropillar array was 

typically larger than that from type B since A has smaller pillar diameter (0.75µm) and 
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higher aspect ratio (12) vs. those of B (pillar diameter of 1µm and aspect ratio of 9, 

respectively). 

 

Figure 6.2 SEM images of 9 µm tall PHEMA-co-PMMA micropillar arrays clustered by 

water capillary force. 
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Figure 6.3 Elastic modulus in wet state (a) and the water contact angle (b) of flat 

PHEMA-co-PMMA films as a function of MMA content. 
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When the micropillar arrays are soaked in water, the pillars soften due to water 

absorbed by PHEMA resulting in a smaller effective elastic modulus in wet sate which is 

dependent on relative composition of PHEMA and PMMA. Soaking bulk samples of 

same compositions in water reveal that there is no observable volume change in the 

samples. While drying the micropillar arrays soaked in water (Fig. 6.4a-i) in air flow, 

liquid menisci are formed around the individual pillars (Fig. 6.4a-ii). The interaction 

between these liquid menisci exerts an attractive force13 between the micropillars causing 

them to cluster together while still surrounded by water (Fig. 6.4a-iii). Due to elasto-

plastic nature of the crosslinked polymers, the deformation becomes permanent even after 

the water is completely dried (Fig. 6.4a-iv). For very low PMMA content (< 25 wt%), the 

micropillars are very soft (Fig. 6.3a) resulting in ground-collapse21 of micropillars due to 

gravity as the main reason for collapse (Fig. 6.2).     
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Figure 6.4 (a) Schematic illustration of micropillar clustering process due to capillary 

meniscus interaction force. (b) Schematic illustration of micropillar array clustering in a 

square lattice. (c) SEM image of micropillars clustered in a square lattice.  

 

6.3.2 Calculation of cluster size 

The effect of elastic modulus on the cluster size can be understood in terms of 

balance between capillary energy and elastic bending energy of a cluster. When the 

micropillar array is exposed to a wetting liquid, followed by liquid evaporation, the 

capillary meniscus interaction force of the liquid menisci surrounding the micropillars 

will pull the micropillars to collapse into clusters. Because the bases of the pillars are 

attached to the substrate, the pillars have to bend, which increases the elastic bending 

energy of the cluster. As the pillars come closer together the capillary meniscus 

interaction energy of the cluster decreases. The maximum number of pillars in a cluster is 

the result from the competition between the total bending energy and the total capillary 
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energy of the cluster. Qualitatively, in a cluster, the outer pillars have to bend more than 

the inner pillars. As shown later, this causes the positive bending energy to scale roughly 

as N2, where N is the number of pillars in a cluster. However, the decrease in capillary 

energy per pillar in a cluster is the same for all pillars. Thus, the negative capillary energy 

scales as N. The difference in scaling of the positive bending energy and negative 

capillary energy results in minimum energy for a critical cluster size, Nc. The bending 

energy of a rod, which is fixed at one end, of radius r, length h and elastic modulus E, is 

given as,22  

4 2

3

3
8b
ErE
h

π δ∆ =           (6.4) 

where δ is the displacement of the free end of the rod. Because of the symmetry of the 

underlying square lattice, the micropillars in a cluster also pack in a square lattice in 

general (Fig. 6.4c). The total bending of a cluster packed in a square lattice (Fig. 6.4b) 

can be viewed as sum of bending of perimeters n = 1, 2, 3, 4,……i.e. 2 2
nδ δ=∑ . 

Cumulative bending in perimeter n can be obtained as 

( ) ( ) ( ) ( )
2 2 1

2 2 2 22

1
4 2 1 2 1 8 2 1 2 1

2 2

n

n
i

s sn n n iδ
−

=

⎛ ⎞ ⎛ ⎞⎡ ⎤ ⎡ ⎤= − + − + − + −⎜ ⎟ ⎜ ⎟⎣ ⎦ ⎣ ⎦⎝ ⎠ ⎝ ⎠
∑     (6.5)   

where the first term represents the bending of 4 corner pillars, and the second term 

represents the bending of the remaining 8(n-1) pillars in perimeter n. Here, s is the 

separation of the pillars (Fig. 6.4b). Thus, the total bending of a cluster having n 

perimeters is given as  

( )
2

2 2 4 28 2 6 6
3n
s n n nδ δ= = − + −∑                (6.6) 

Thus, by Eq. 6.4 and 6.6, the total elastic bending energy is given as 
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4 2 4 2

3

(8 2 6 6)
8e

Er s n n nU
h

π − + −=                                       (6.7) 

Here the total number of pillars in a cluster, N, is given by 24N n= . Since in Eq. 6.7, Ue 

roughly scales as ~ n4, thus, Ue ~ N2 as mentioned earlier. 

 The capillary energy of two vertical cylindrical rods of radius r and separated by 

center-to-center distance 2l, partially submerged in a liquid is given as13  

( )2 22 cos ln
1 sin

ea l q
W r

γ
πγ θ

θ
+⎛ ⎞

= ⎜ ⎟+⎝ ⎠
         (6.8) 

where, γ is surface tension of the liquid, θ is the liquid contact angle on rod material. 

Here, 2 2a l r= − , γe is Euler-Maceroni number (γe = 1.78107) and 1
gq γ

ρ
− =  is the 

capillary length, where ρ is density of liquid and g is gravitational acceleration. Each 

pillar is surrounded by 8 pillars, including 4 corner pillars (center to center distance 

( )2 2r s+ when not collapsed and ( )2 2 r  when collapsed) and 4 adjacent pillars 

(center to center distance ( )2r s+ when not collapsed and 2r  when collapsed) (see Fig. 

6.4b).  For both geometries A and B, s = 2r.  Thus, by Eq. 6.8, the total change in 

capillary meniscus interaction energy from the non-collapsed to collapsed state (Fig. 

6.4b) of a cluster with n perimeters is calculated as, 

( )2 2 2 2 7 2 24 cos (4 2 ) ln 3 2 (4 4 1) ln
2 1cU r n n n nπγ θ

⎛ ⎞⎛ ⎞+= − − + + − +⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠
   (6.9) 

In Eq. 6.9 the first logarithmic term represents the capillary energy due to 

adjacent pillars whereas the second term represents that due to the corner pillars. The 

negative terms account for the fact that the outermost pillars in a cluster are surrounded 
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by less than 8 pillars. Further, the change in capillary meniscus interaction energy as 

obtained in Eq. 6.9 is independent of the capillary number q.  

Thus, the total energy of forming a cluster is t c eU U U= + . Minimization of the total 

energy by 0tU
n

∂ =
∂

 gives 

( )7 2 22 3
2 1

2 2 3

(8 2) ln( 3 2) (8 4) ln32 cos
32 4 6

c c

c c

n nhE
r s n n

γ θ +
+

⎛ ⎞− + + −
⎜ ⎟=

− +⎜ ⎟
⎝ ⎠

  (6.10) 

where, the number of pillars in a cluster, 24c cN n= . Numerically solving Eq. 6.10 in 

terms of Nc reveals a linear relation (Eq. 6.11) between Nc and 1/E (see Fig. 6.5). In Fig. 

6.5, when extrapolated to 1/E = 0, the linear fit to the numerical solution to Eq. 6.10 

yields a negative Nc (Eq. 6.11). This negative value has no physical meaning but indicates 

that the linear relation does not hold for Nc less than 4. The linear relation can also be 

inferred by neglecting the numerical constants in the polynomials containing nc in Eq. 

6.10 and then solving analytically for Nc. 

2 3

2 2

64.51cos 2.11c
hN

Er s
θγ≈ −                                                                          (6.11) 
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Figure 6.5 Numerical solution to equation 6.10 and linear fit to the solution points. 

 

Previously, Zhao et al23 predicted that cluster size was dependent on gravity 

through the capillary length 1q− . However, Eq. 6.10 and 6.11 suggests that gravity should 

not be relevant to the change in capillary interaction energy where the cluster size is 

independent of q. From Eq. 6.11, the cluster size is inversely proportional to the elastic 

modulus of the micropillars with a slope of ( )2 3 2 264.51 cos h r sγ θ . To validate the above 

relation, we compared the experimentally observed cluster size to the prediction 

according to Eq. 6.11.  
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Figure 6.6 Micropillar cluster size as a function of the elastic modulus of micropillars in 

wet state for (a) geometry A and (b) geometry B. Dashed lines are linear fit (r2 = 0.99 and 

0.98 in (a) and (b) respectively)  to experimental data. 
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The elastic modulus E was experimentally determined by AFM nanoindentation of 

PHEMA-co-PMMA samples immersed in water (Fig. 6.3a). The measured water contact 

angle θ in Eq. 6.11 was found to increase with increasing MMA wt% initially but leveled 

off at ~ 73o when MMA content ≥ 40 wt% (Fig. 6.3b). 

 In Fig. 6.6 we plot experimentally observed values of Nc versus 1/E for both pillar 

array geometries. The vertical error bars represent the standard deviation of the cluster 

sizes in a sample and horizontal error bars represent the error in elastic modulus 

measurement. The dashed lines in Fig. 6.6 are linear fit to the experimental data 

confirming the linear relation between cluster size and 1/E. The slopes of the linear fit 

yield contact angle (θ) values of 720 for geometry A and 660 for geometry B which are 

close to measured value of 730 (Fig. 6.3b) within experimental error. We note that for 

geometry A however, we could have only three cluster size data because for PMMA 

content ≤40 wt% the cluster size was too large to have distinguishable clusters (Fig. 6.2). 

6.3.3 Critical elastic modulus for stability 

From Fig. 6.2 and 6.3a, the micropillar arrays in both the geometries A and B are 

stable at elastic modulus of 1.2 GPa (75% MMA) and unstable for elastic modulus of 745 

MPa (67% MMA), although many of the micropillars in geometry B do not collapse for 

67% MMA sample (Fig. 6.2). The critical elastic moduli for the two geometries (θ = 730) 

as estimated by Eq. 5.9 (based on capillary meniscus interaction force) derived in Chapter 

5, are 714 MPa and 226 MPa for geometry A and B respectively, which are close to the 

experimentally suggested range. In comparison, by Eq. 5.11 (based on Laplace pressure 

due to isolated capillary bridge) in Chapter 5, the critical elastic moduli are estimated as 
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16.7 GPa (geometry A) and 4.1 GPa (geometry B) which are much larger than 1.2 GPa 

for which the micropillars in both the geometries were found stable experimentally.  

The above comparison of critical elastic moduli values and the theoretical and 

experimental investigation of cluster sizes in the preceding section, convincingly confirm 

that in 2D arrays of tall microstructures, capillary meniscus interaction, rather than the 

Laplace pressure difference due to isolated capillary bridges, is the main reason for 

mechanical instability upon liquid drying. 

6.3.4 Whiteness of clustered micropillars 

Finally, we investigated the optical effect of the capillary force induced clustering 

of micropillar array as ultrathin whitening layers. Whiteness is important for many 

technologies such as paper industry, coatings, textiles and electronic displays. In these 

systems, film thickness exceeds 100 microns, and whiteness is often enhanced by 

pigmentation or by fluorescent dyes. Nature, on the other hand, provides elegant 

examples of brilliant structural colors such as shown in the scales of white beetles, where 

their white color results from light scattering from random network of microfilaments 

that is only a few microns thick.14  Before collapsing the micropillar arrays had angle-

dependent colorful reflection due to Bragg diffraction of light from the highly ordered 

pattern (Fig. 6.7a). After soaking in water and drying in air, however, the pillar array 

became randomly clustered and appeared white, which was attributed to random 

scattering of light (Fig. 6.7a), similar to the phenomenon observed in the white beetle 

scales. We characterized the whiteness of the randomly clustered micropillar arrays in 

Fig. 6.2 by measuring their CIE lightness index,20 L, using a photospectrometer (Fig. 

6.7b). For a low PMMA content, the micropillars ground collapsed completely due to the 
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low elastic modulus, resulting in low L. With the increase in PMMA content, the pillars 

laterally collapsed into random clusters, and L gradually increased. In general, the 

lightness index for geometry A was slightly higher than that for geometry B at the same 

composition since A had larger cluster sizes than B. When PMMA content was greater 

than 60 wt%, the micropillar arrays began to reappear colorful due to less collapsing of 

pillars. We observed a maximum lightness index Lmax of ~ 45 for our structures, which 

were less than 9 µm thick (the micropillar height). In comparison, conventional uncoated 

paper has lightness index of ~ 70 over 120 µm thickness. Although our clustered 

micropillar arrays are 33% less white than the uncoated paper, the film thickness is 15 

times thinner, which is important as a proof of concept for ultrathin structural whiteness.  

 

Figure 6.7 Whiteness caused by random clustering of micropillar arrays and the 

corresponding CIE lightness index. (a) SEM (left) and optical images (right) of 

micropillar arrays before and after clustering. Two different colors in (a) (top right) result 

from Bragg diffraction of micropillar arrays with different periodicity. (b) CIE lightness 

index of clustered micropillar arrays as a function of MMA content. 
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6.4 Conclusions 

We studied the capillary force induced clustering of highly ordered polymeric 

micropillar arrays of well defined geometries. By changing the composition of the water 

swellable PHEMA versus glassy, non-swellable PMMA, we experimentally observed the 

effect of elastic modulus on micropillar cluster size. By minimizing the sum of capillary 

meniscus interaction energy and elastic bending energy, we estimated the average cluster 

size as a function of pillar elastic modulus and geometry, which agreed well with the 

experimental values in general. The cluster size analysis together with the investigation 

of critical elastic modulus for stability, convincingly demonstrate that in 2D arrays of tall 

microstructures, capillary meniscus interaction, rather than the Laplace pressure 

difference due to isolated capillary bridges, is the main reason for mechanical instability 

upon liquid drying. Finally we demonstrated the application of random clustering of 

micropillars for ultrathin (9 µm) whitening layers, mimcking the brilliant whiteness effect 

observed in ultrathin beetle scales, which contains randomly packed filaments.14   
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Chapter 7 

Dynamics of Droplet Imbibition on a Rough Surface 

 

 In Chapters 5 and 6 we discussed the effect of capillary force on the stability of 

the micropillars. However, surface roughness such as that provided by the micropillar 

arrays also causes the capillary driven wetting dynamics on the topographic surface. In 

this Chapter, we theoretically study the dynamics of imbibition of a droplet on a rough 

surface and show that the droplet imbibition dynamics deviates from the classical ~t0.5 

Washburn law1. 

 

7.1 Introduction 

On a flat, smooth surface, the liquid contact angle θ0 is determined by 

minimization of the surface energies involved – liquid-vapor (γ ), solid-vapor ( svγ ) and 

solid-liquid ( slγ ) according to the Young’s equation: ( )0cos /sv slθ γ γ γ= − . Surface 

roughness, however, modifies the wetting property of the surfaces,2,3 and is responsible 

for interesting natural phenomenon, such as superhydrophobicity of lotus leaves4 and 

collection of drinking water from fog by a Namibian desert beetle5. In addition, surface 

topography is also known to affect the dynamics of wetting6,7. A liquid droplet placed on 

a rough hydrophilic surface (θ0 < 900), spreads towards its equilibrium contact angle 

faster than a droplet placed on a chemically identical, smooth surface7.  

The roughness of a surface can be characterized by two geometrical parameters: 

(a) the roughness factor r, which is the ratio of the actual surface area to its horizontal 



 106

projection, and (b) the solid fraction φ at the top of the roughness (for example, in case of 

micropillar arrays,φ is the fraction of the horizontally projected area covered by the 

micropillar tips) . A critical contact angle θc is defined in terms of r andφ  and is given 

by8, 

 1cos c r
φθ
φ

−=
−

                      (7.1) 

For a rough hydrophilic (θ0 < 900) surface, when θ0 > θc a liquid droplet placed on 

the surface penetrates the grooves (Fig. 7.1a), resulting in an equilibrium contact angle θw 

given by the Wenzel equation3, 

 0cos cosw rθ θ=                      (7.2) 

When θ0 < θc it is energetically favorable for the liquid to imbibe into the grooves of the 

rough surface, so called hemi-wicking wetting8 (Fig. 7.1b). In this case, a liquid droplet 

sits on a solid-liquid composite surface and slowly imbibes into the surface roughness 

while maintaining a constant contact angle θi given as8, 

 ( )0cos 1 1 cosiθ φ θ= − −                     (7.3) 

 

Figure 7.1 A droplet sitting in Wenzel state (a) and imbibing into the grooves in hemi-

wicking state (b). 

 

When a rough surface is placed in contact with a reservoir of a liquid satisfying 

the condition θ0 < θc, the liquid spontaneously imbibes into the surface roughness driven 



 107

by capillary force (see Section 2.5). The dynamics of imbibition is important for areas 

such as water transport and retention in soil and plants and in technologies such as inking, 

coloring, textiles and microfluidics. Capillary induced imbibition of liquids, both in 

channels9 and on rough surfaces8 when in contact with a liquid reservoir, has been known 

to follow the classical Washburn dynamics: l ~ t0.5 where l is the distance traveled by 

imbibing front and t is time. The ~t0.5 dynamics in these one-dimensional, non-diverging 

flows occurs because of a constant capillary energy change balancing the viscous 

dissipation in ever increasing length of liquid flow. Deviation from the above relation, 

resulting in a slower dynamics but still following a power law, has also been reported in 

cases, such as non-uniform channel cross-section10 and a finite liquid volume imbibing in 

a network of channels11. 

In this Chapter, we consider a micropillar array as a model rough surface and 

theoretically calculate the dynamics of  a liquid droplet imbibing on such rough surfaces. 

The imbibition of a droplet differs from one-dimensional imbibition from a reservoir in 

two respects: (a) because of finite small droplet volume the imbibition source depletes 

with time and (b) the flow geometry is radial. Because of shrinking droplet and radial 

flow geometry, the dynamics does not follow a simple power law. The liquid flow starts 

with ~t0.5 dynamics but the dynamics continues to decrease to become slower than ~t0.5 at 

longer times. 

 

7.2 Model description 

 We consider a micropillar array as a model rough surface. For a 

micropillar array, the roughness parameters r and φ defined above can be independently 
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controlled to satisfy the imbibition condition, θ0 < θc described above. For example, r can 

be increased independently of φ by increasing the micropillar aspect-ratio. We define two 

geometrical parameters, 1α φ= − and rβ φ= − . Let the micropillar height be δ. Consider 

a droplet imbibing on the micropillar array surface as shown in Fig. 7.2. The droplet 

contact angle with the solid-liquid composite surface is θi and is given by Eq. 7.3. The 

initial radius of the droplet at t = 0 is r0. V0 is the total liquid volume 

 3 2
0 0 0V gr rπ δα= +                      (7.4) 

where 3
0gr is the volume of the droplet spherical cap; g is a geometrical constant which 

depends on the droplet contact angle θi. At time t, let the liquid imbibes to radius r and 

the droplet shrinks to radius rd. Then, by conservation of liquid volume, the droplet radius 

rd becomes 

 
( )2 2

0
0 3

0

1d

r r
r r

gr
π δα⎛ ⎞−

⎜ ⎟= −
⎜ ⎟
⎝ ⎠

         (7.5) 

 v dr dt= is the velocity of the liquid front. We are interested in the evolution of the 

imbibition length l = r – r0 with time t.  
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Figure 7.2 Schematic showing parameters for a droplet imbibing in a rough surface. 

 

7.3 Results and discussion 

 Unlike 1D non-diverging flow, in the radial flow geometry in Fig. 7.2, the fluid 

velocity is not constant over the whole imbibed liquid volume. By conservation of 

volume flux, the velocity at radius x is vx = vr/x. Thus, the viscous dissipation rate is, 

 
2

2
d

r
x

v
r

vU xdxπηδε
δ

⎛ ⎞= ⎜ ⎟
⎝ ⎠∫          (7.6) 

where η is the liquid viscosity and ε is a constant dimensionless pre-factor. 

Putting xv vr x=  in Eq. 7.6 and integrating, the expression for viscous dissipation 

becomes, 

 
2 22 lnv

d

v r rU
r

πηε
δ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
         (7.7) 

The rate of change of capillary energy is given as, 

 ( )2 cosc eqU rvπγ β θ α= −          (7.8) 
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Equating the viscous dissipation rate (Eq. 7.7) and the rate of change of capillary energy 

(Eq. 7.8) and integrating yields, 

 ( )
0 0

ln cos
r t

eq
dr

rr dr dt
r

δγ β θ α
ηε

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
∫ ∫         (7.9) 

Using rd from Eq. 7.5 and integrating Eq. 7.9 gives the imbibition dynamics as, 

( )
2 2 2

2 2
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1 1 1ln ln ln 2
3 / 3 1

m fm fmer m m a ct
e b f f e

⎡ ⎤⎛ ⎞ ⎛ ⎞− −− + + =⎢ ⎥⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠⎣ ⎦
                      (7.10) 

where m is the dimensionless imbibition length as 0
1/ 2

0

l rm
r e

+= , e is the Euler’s number, a 

is a constant to satisfy the limits of integral in Eq. 7.9 and b, c, and f are constants for the 

system as, ( )0cosc δγ β θ α
ηε

= − , 
0

ef
gr

π αδ
πδα

=
+

 and 
0

1b
gr

πδα= + . 

From Eq. 7.10, it is clear that the droplet imbibition dynamics does not follow a 

simple power law. In comparison, dynamics of 1D non-diverging imbibition from a 

reservoir (see Section 2.5) is, 

 2 2l ct=          (7.11) 

We plot l vs. t and ( )ln l vs. ( )ln t  for a typical case of r0 = 1 mm, δ = 10 µm, θi = 450 and 

0.25φ = in Fig. 3 according to Eq. 7.10 and Eq. 7.11, respectively. From Fig. 7.3a, it is 

clear that the droplet imbibition is slower than the imbibition from a reservoir. The log-

log plot in Fig. 3b shows that the droplet imbibition starts with ~t0.5 dynamics but slows 

down with time. Further, we calculate the slope, ( ) ( )ln lnd l d t  of Fig. 7.3b from Eq. 

7.10 and plot it vs. time, t in Fig. 7.4. Again, it shows that at the very beginning of 
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imbibition, the slope is close to 0.5 (at time t = 0 the slope is calculated as 0.5) but 

continues to decrease with time.  

 

Figure 7.3 Calculated dynamics of droplet imbibition (Eq. 7.10) and 1D imbibition from 

a reservoir (Eq. 7.11). 
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Figure 7.4 Slope of a typical ln(l) vs. ln(t) plot of a droplet imbibing in a rough surface as 

a function of time. 

 

 To better understand the origin of the slower imbibition dynamics, we decouple 

the effects of shrinking droplet and radial flow by considering a non-shrinking droplet of 

radius r0. Practically, the liquid droplet size can be maintained by continuously pumping 

the liquid from a reservoir (for example from a needle syringe). In this case, rd is replaced 

by r0 in Eq. 7.9 and the imbibition dynamics becomes, 

 ( )2 2
0 ln 1 2 2er m m e ct⎡ ⎤+ =⎣ ⎦        (7.12)  

The slope ( ) ( )ln lnd l d t is  

 ( )
( ) ( )( )
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ln ln 1 2
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d l m m e
d t m m m m e−

+=
+ −

      (7.13) 
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A plot of the slope (Eq. 7.13) vs. time t shows that the slope decreases only slightly from 

0.5 with time (Fig. 7.5). Thus, the slower imbibition dynamics shown in Fig. 7.3 and 7.4 

should be largely due to the shrinking of the imbibing droplet with time. As the droplet 

shrinks and imbibes in the roughness, the length (r – rd) over which the viscous 

dissipation occurs increases due to both increasing r and decreasing rd with time. In 

contrast, in case of imbibition from a non-shrinking reservoir, the length over which the 

viscous dissipation occurs is (r – r0), which increases only due to increasing r with time. 

Thus, a larger viscous dissipation in case of a shrinking droplet leads to a slower 

imbibition dynamics. 

 

 

Figure 7.5 Slope of a typical ln(l) vs. ln(t) plot of a  non-shrinking droplet imbibing in a 

rough surface as a function of time. 

 

 



 114

7.4 Conclusions 

 In conclusion, we have shown theoretically that the dynamics of the imbibition of 

a droplet on rough surface deviates from the classical Washburn dynamics. The droplet 

imbibition dynamics does not follow a simple power law. The imbibition starts with ~t0.5 

dynamics but continues to slow down with time. The slower dynamics is attributed to an 

increased viscous dissipation due to shrinking droplet as compared to dissipation in 

imbibition from a non-shrinking liquid source. The present analysis of droplet imbibition 

would be significant for applications such as inking and microfluidic analysis where 

spreading behavior of droplets is important. 
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Chapter 8 

Summary and Future Outlook 

 

8.1 Summary 

In this thesis we explored the capillary force driven mechanical instability of high 

aspect-ratio (HAR) micropillar arrays. We showed that when a liquid is evaporated off 

the micropillar arrays, the pillars bend and cluster together due to capillary meniscus 

interaction force rather than due to often reported Laplace pressure difference because of 

isolated capillary bridges.  We studied both theoretically and experimentally, the 

capillary force induced clustering behavior of micropillar arrays as a function of their 

elastic modulus. To this end, we developed a modified replica molding process to mold 

hydrogel micropillar arrays whose elastic modulus in the wet state could be tuned by 

simply varying the hydrogel monomer composition. We explored the utility of the 

clustered micropillar arrays as ultrathin whitening layers mimicking the structural 

whitening mechanism found in some insects in nature. Finally, we studied theoretically 

the capillary force induced imbibition of a liquid droplet in a model rough surface 

consisting of micropillar arrays and showed that due to shrinking droplet, the imbibition 

dynamics did not follow the Washburn dynamics but became progressively slower with 

time. 

We started with an introduction to HAR micropillar arrays, their applications, 

fabrication methods and their common mechanical failure modes in Chapter 1. In Chapter 

2 we discussed capillary force relevant to clustering of micropillar arrays and capillary 
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force induced wetting dynamics in micropillar arrays.  In Chapter 3 we discussed the 

experimental methods used in this thesis. 

In Chapter 4 we described a novel two-step process to fabricate HAR hydrogel 

micropillar arrays by replica molding. Direct molding of hydrogel monomers by using a 

soft elastomeric (poly(dimethyl siloxane), PDMS) mold followed by UV initiated free-

radical polymerization was found not possible because the monomers would diffuse into 

the mold and distort it. Further, the oxygen dissolved in the mold could diffuse out and 

inhibit the free radical polymerization. In a modified process, we first partially 

polymerized the hydrogel monomers, which were then used as molding precursor for 

subsequent UV curing. The increased viscosity of the prepolymers played a critical role 

in preventing both the monomer diffusion into the PDMS mold and oxygen diffusion out 

of the mold. We successfully demonstrated fabrication of high density (>107 pillars/cm2), 

high aspect-ratio (up to 12) micropillar arrays in three different geometries and three 

different compositions. Because of their high Young’s modulus in the dry state, all 

hydrogel pillar arrays were stable in air against adhesive forces. However, when exposed 

to a wetting liquid, the micropillar arrays collapsed either due to drastically reduced 

elastic modulus upon hydration by water (e.g. poly(2-hydroxyethylmethacrylate-co-N-

isipropyl acrylamide) (PHEMA-co-PNIPA) and PHEMA micropillar arrays) or due to 

large capillary force exerted to the pillar array during liquid evaporation (e.g. 

poly(ethylene glycol dimethacrylate) (PEGDMA) micropillar arrays wetted by low 

surface energy ethanol). The capillary force induced collapsing behavior of PEGDMA 

micropillar arrays was found dependent on the pillar array geometry, and in some cases, 

hierarchical assembly of the micropillars were observed. 
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In order to understand their capillary force induced clustering behavior, in 

Chapter 5, we investigated the nature of capillary force acting on 2D micropillar arrays 

during liquid evaporation off their surface. Using low molecular weight polystyrene as 

the wetting liquid on epoxy micropillar arrays, we discovered that the micropillars 

collapse during liquid evaporation while they were still surrounded by a continuous liquid 

body and that there were no isolated capillary bridges present. Thus, we experimentally 

showed for the first time that the capillary force induced clustering of 2D arrays of 

micropillars should be attributed to lateral forces resulting from the interaction between 

capillary menisci around individual pillars rather than to often reported Laplace pressure 

difference due to isolated capillary bridges. Supporting this, we theoretically estimated 

the Laplace pressure force, which was found more than an order of magnitude larger than 

that the capillary meniscus interaction force. This difference was reflected in large 

difference in the elastic modulus for stability calculated from the two approaches.  

In Chapter 6, we studied the capillary force induced clustering of poly(2-

hydroxyethylmethacrylate-co-methyl methacrylate) (PHEMA-co-PMMA) micropillar 

arrays fabricated by the process described in Chapter 4. By varying the composition of 

water swellable PHEMA versus the glassy, non-swellable PMMA in the molding 

materials, we modulated the elastic modulus of the micropillars in the wet state over three 

orders of magnitude. By minimizing the sum of elastic bending energy and the capillary 

meniscus interaction energy of the pillars in a cluster, we derived an expression for the 

micropillar cluster size, which was inversely proportional to the elastic modulus of the 

pillars. The derived relationship agreed well with the experimental observation. The 

critical elastic modulus for stability as calculated from the expression derived in Chapter 
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5 was also in agreement with the experimental observation whereas the critical modulus 

calculated by the Laplace pressure approach was found to be much larger than the values 

suggested by experiment. By comparing the experimental and theoretical studies we 

further demonstrated that in case of 2D micropillar arrays, capillary meniscus interaction 

rather than the Laplace pressure difference was the relevant capillary force that induced 

pattern collapse in micropillar arrays. Further, we demonstrated the utility of the 

randomly clustered micropillar arrays as biomimetic ultrathin whitening layers. 

 Finally, in Chapter 7 we theoretically studied the capillary driven imbibition of a 

liquid droplet in a model rough surface, micropillar arrays.  We showed that because of 

the shrinking droplet and radial flow geometry, the droplet imbibition dynamics does not 

follow the simple Washburn power law dynamics. Instead, the imbibition dynamics 

started as ~ t0.5 but progressively slowed down with time. This slower dynamics was 

attributed primarily to shrinking droplet which resulted in a greater viscous dissipation as 

compared to that in case of imbibition from a non-shrinking reservoir. 

 

8.2 Future work 

 The work presented in this thesis provides important insights into capillary force 

induced mechanical instability of high aspect ratio micro- and nanostructures. It paves 

way for future research in both the fundamental aspects and their applications to 

advanced materials. 

 For example, in both Chapters 4 and 6 we observed micropillars clustered in 

groups of four, forming regular hierarchical structures. In Chapter 6 we observed that the 

micropillar clustering starts with group of four pillars clustering together, whereas in 
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Chapter 4 we observed that while less dense pillar arrays collapsed randomly, denser 

ones formed regular hierarchical structures. These observations suggest that the 

formation of regular clusters is dependent on the inter-pillar spacing. We speculate that 

less dense pillars, when they start to cluster, have higher degree of freedom and thus 

collapse randomly as compared to denser pillar arrays. To confirm this, the clustering 

behavior as a function of pillar array geometry, in particular inter-pillar spacing, should 

be explored. In addition, clustering behavior of micropillar arrays in other lattices, such 

as hexagonal arrays, could result in completely different but unique hierarchical 

structures. 

To calculate the capillary meniscus interaction energy of the micropillar clusters 

in Chapter 6, we summed the interaction energies of all pairs of nearest neighbor 

micropillars. This superposition principle has been used to describe the capillary force 

induced assembly of colloidal particles1. However, since the interaction energy is due to 

deformation of the liquid surface in the presence of the solid bodies, the interaction 

energy of a pair of micropillars in an array may be somewhat different from that of an 

isolated pair of micropillars. It would be interesting to calculate the interaction energy of 

a pair of micropillars in an array and compare it to the interaction energy of an isolated 

pair of micropillars. In this thesis we have addressed the clustering of the micropillars to 

obtain the cluster size in equilibrium. As a future direction, it would be interesting to 

study the kinetics of the clustering process. The kinetics should be governed by the net 

force on the micropillars due to capillary force and elastic restoration force, and by the 

viscous drag on the pillars due to the surrounding liquid as they bend towards each other. 

An understanding of the clustering kinetics would be useful to control the clustering 
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process, for example by using a high viscosity liquid, which may pave way for controlled 

assembly of the micropillars in desired periodic geometries. We note, however, that in 

case of high viscosity liquids, there would be significant energy dissipation due to 

viscous drag during clustering which will also affect the equilibrium cluster size. 

In Chapter 7, we predicted a slower droplet imbibition dynamics in a model 

micropillar array surface, which is yet to be validated experimentally. As shown in Fig. 

7.3b, the ln(l) vs. ln(t) plot of droplet imbibition deviates from that of imbibition from 

non-shrinking reservoir. However, in the log-log plot the deviation is rather small, 

making it difficult to observe experimentally. This may be the reason of reported ~t0.5 

dynamics in the literature2,3. Thus, to experimentally observe the slower dynamics, l vs. t 

plot (see Fig. 7.3a), rather than the log-log plot, of droplet imbibition should be compared 

to that of imbibition from non-shrinking reservoir for the same micropillar array. 

 From the application point of view, the analysis of critical modulus for stability in 

Chapter 5 can serve as a starting point to design micro- and nanoactuators. For example, 

the critical modulus depends on the liquid contact angle. Thus, by dynamically changing 

the contact angle (e.g. by means of electrowetting), and using elastic micropillar arrays 

(e.g. silicon), the micropillars can be alternated between clustered and non-clustered 

state. Such actuation can serve as micro-mixers in microfluidics channels. In addition, 

micropillars can be coated with responsive materials to achieve actuation in response to 

external stimuli. For example, by coating the micropillars with thermoresponsive polymer 

brush layer, thermal actuation of micropillars can be achieved by changing the contact 

angle with temperature. We demonstrated the application of randomly clustered 

micropillar arrays as ultrathin whitening layers. The degree of whiteness depends on the 



 121

structure of the scattering materials,4 which has not been fully explored in this thesis. As 

a future direction, the effect of factors, such as micropillar array geometry, porosity of the 

micropillars, and nanocomposites as pillar materials, on the resulting whiteness could be 

investigated.  
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Appendix A 

Strain Responsive Concave and Convex Microlens Arrays 

During the course of the present thesis research, we also investigated a different 

kind of instability in an elastomeric material (PDMS) – buckling instability in response to 

a compressive load applied to a bi-layer structure consisting of a thick, soft elastomeric 

layer with a thin hard layer on top. By introducing buckling instability in a confined 

geometry, we fabricated concave microlens arrays whose focal length can be tuned in real 

time by applying external strain. Further, we replicated the concave microlens arrays in 

PDMS to obtain convex microlens arrays whose focal length is also tunable in response 

to external strain, albeit over a much shorter range as compared to the concave microlens 

arrays. 

 

A.1 Introduction 

With advances in miniaturization, microlens arrays play an important role in 

optical communication, biomedical imaging, photolithography, and biochemical 

sensing.1,2 Variable-focus microlens arrays are of particular interest for micro 

electromechanical systems (MEMS) and sensors. A wide variety of tuning mechanisms 

have been reported to tune lens shape, refractive index, and the surrounding medium by 

means of responsive hydrogels3, electrowetting4, liquid pressure to deform an elastomeric 

membrane5, liquid crystal microlens arrays6 and integrated microfluidic channels.7 

Nevertheless, most of these microlens arrays are multi-component systems, and require 

complex fabrication and assembly processes.  Often times, the lens focal length cannot be 

tuned continuously in real-time.  
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 Here, we report the fabrication of a single-component, strain responsive, variable-

focus microlens array (both concave and convex) with real-time tunability. The concave 

lens array is created by confined buckling of a soft elastomer, poly(dimethylsiloxane) 

(PDMS), which is mechanically stretched in plane bi-directionally8 and patterned with a 

thin layer of hard oxide on top.  Due to extreme moduli mismatch between the hard 

silicate layer and the soft PDMS (E ~ 2 MPa) underneath, buckling occurs upon release 

of pre-strained bilayer film, forming wrinkled patterns spontaneously.8,9 If the oxidation 

and, thus, buckling is confined to an area smaller than the wavelength of the unconfined 

wrinkles, microlens structure will be obtained.10 Previously, similar strategy has been 

used to create microlens array by swelling a patterned oxide/PDMS bilayer structure with 

acrylate monomers, followed by polymerization.10 However, such formed lenses are rigid 

and not tunable.  Because the microlens array in our system is created by mechanical 

stretching induced buckling, it offers several advantages over other tuning mechanisms, 

including reversible tuning of lens shape in real time by simply applying mechanical 

strain. 

 

A.2 Experimental methods 

 Briefly, the microlens array was fabricated as the following. A flat PDMS sheet of 

thickness 0.5 mm was prepared by mixing PDMS precursor (RTV 615, GE Silicone) and 

curing agent (10:1 wt/wt) between two glass slides separated by spacers, followed by 

thermal curing at 65 oC for 4 hours. The PDMS strip was clamped on four edges (Fig. 

A.1a), leaving a center space of 25 mm x 25 mm and then stretched to 20% strain in both 

planar directions simultaneously (Fig. A.1b). One side of the stretched PDMS surface 
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was covered by scotch tape, while the other side was masked with a TEM copper grid 

(Fig. A.1c) with hexagonally packed hole array (diameter of 37 µm and hole to hole 

distance of 62 µm). The area surrounding the TEM grid was also covered with scotch 

tape. The stretched film with TEM grid on top was treated with ultraviolet ozone (UVO) 

(UVO-Cleaner Model 42, Jelight Company Inc.) for 30 minutes (Fig. A.1d) to generate a 

thin silicate layer on the exposed regions. After UVO treatment, the TEM grid and scotch 

tape were removed (Fig. A.1e) and the PDMS strip was strain released in both planar 

directions simultaneously, resulting in a concave microlens array (Fig. A.1f). To obtain 

the convex microlens array, we replica molded the concave microlens array in PDMS. 

The topography of the microlens arrays was characterized by atomic force microscope 

(AFM) (Digital Instruments, Dimension 3000). 

The focal length of the microlens array at various mechanical strains was 

measured by optical microscope (Olympus BX-61) equipped with internal Z-motor 

(resolution of 1 µm). Alphabet ‘N’ was printed on a transparency and placed several 

centimeters below the microlens array (Fig. A.2e). First, the microlens array was brought 

into focus of the microscope objective (Fig. A.2b,d), and then the image of ‘N’ through 

the microlens array was brought into focus (Fig. A.2b,d, insets). The difference between 

the sample-stage positions of the two foci gave the focal length of the microlens array. 

 

Figure A.1 Schematic illustration of the fabrication procedure of concave microlens 

array (a-f). (f) Inset: SEM image of a concave microlens array. 
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A.3 Results and discussion 

 In the range of pre-strain levels (10-30 %) and UVO treatment time (15-60 

minutes), concave lenses were always observed.  One possible explanation could be that 

during the strain release process, the pure PDMS surrounding the much stiffer oxidized 

PDMS is pushed out due to compressive forces, which favors buckling of the oxidized 

PDMS inwards rather than outwards. Once the oxidized layer is slightly buckled inwards, 

it continues to buckle in the same direction, resulting in formation of concave microlens 

array. 

 The fabricated microlenses appeared to have very uniform lens diameter D and 

lens thickness h over the whole array as measured by AFM (Fig. A.2a,c). D and h for the 

concave microlens array were 45.9 µm and 1.53 µm, respectively, whereas the 

corresponding values for the convex microlens array were a bit larger, 46.3 µm and 2 µm, 

respectively. The lens diameter D is significantly larger than the diameter of the holes in 

the copper grid, 37 µm. We suspect this is because (1) the contact between the TEM grid 

and PDMS sheet may not be completely flat, especially around the grid edge, and (2) the 

ozone could diffuse through the copper grid to some extent resulting in larger lenses. 
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Figure A.2 AFM images of (a) concave and (c) convex microlens array. Optical images 

of (b) concave and (d) convex microlens arrays, corresponding to those from (a) and (c).  

Insets: the optical images of letter ‘N’ imaged through the respective microlens arrays. (e) 

Optical setup for measuring the microlens focal length. 

 

 Since the lens profile (D and h) is uniform over the microlens array, uniform 

focus is obtained over the entire array (Fig. A.2b,d, insets).  Real focus is obtained for 

convex lens array and virtual focus is obtained for concave lens array. 

 While the non-confined ripples have sinusoidal profile, here, for the simplicity of 

estimation of the lens focal length, we assume the lenses are spherical with a single focal 

length.  We find that it offers reasonable approximation of our shallow lens structure, and 

as shown later the calculated results agree well with the experiments within errors.  For a 

thin spherical lens with diameter D and thickness h, the radius of curvature R is given by  

R= D2/8h + h/2                                (A.1) 
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The lens volume (see Fig. A.3d) is  

V0 = πR3(cos3θ - 3cosθ + 2)/3                              (A.2)  

and the curved-surface area of the lens, A (see Fig. A.3c), is  

A = 2πR2(1-cosθ), where θ = sin-1(D/2R)                 (A.3) 

Therefore, the focal length f in terms of A and D can be derived as 
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where n is the refractive index of the lens material, here, PDMS bilayer.  Under stretching 

with a strain ε, the lens diameter changes from D to D(1+ε), and the focal length f of a 

stretched lens becomes  
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The curved-surface area of the concave lens can be written in terms of the base area as 

πD2(1 + ε0)2/4, where the value of ε0 is obtained from initial lens profile by comparison 

of the base area and the curved-surface area (Fig. A.3c). When the lens is stretched in 

both planar directions simultaneously, both the base area and the curved surface area 

increase. When the strain ε approaches to the pre-strain εP, the lens becomes completely 

flat, that is, the base area and the curved surface area should become equal.  Although 

there is a hard thin coating of oxide on PDMS in the buckled structure, we believe that 

the oxide deforms together with the underlying PDMS film when stretched. In the lens 

structure reported here, the fact that a very thin lens (h = 1.53 µm and D = 45.9 µm) was 

formed after releasing a pre-strain of 20% suggests that the area of the oxide layer should 
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not remain fixed during the stretching/release.  Thus, the curved surface area A increases 

until it becomes equal to the base area at pre-strain. This condition is satisfied when the 

curved surface area A, at strain ε, is approximated by, 
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Based on Eq. A.5 and Eq. A.6, we can calculate the focal length of concave microlens as 

a function of the applied strain, ε. 

 In the case of stretching the convex microlens, the lens diameter D increases and 

lens height h decreases to maintain constant lens volume V0 (Fig. A.3d). Therefore, the 

convex lens can never become completely flat, and the focal length f as a function of 

strain ε is given by the solution of the following equation, 
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 Fig. A.3a shows the experimental and theoretical focal length of concave 

microlens array as a function of applied strain. When the strain ε approaches the pre-

strain εP (20%), the focal length increases rapidly. An 83% increase of focal length is 

observed experimentally at 12% applied strain and 158% increase of focal length as the 

applied strain reaches 17%. In contrast, in the case of convex microlens array, only 42% 

increase of focal length is observed up to 12% applied strain (Fig. A.3b).  
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Figure A.3 Focal length variation and corresponding stretching mechanism of the 

concave (a,c) and convex (b,d) microlens array, respectively. 

 

 The significant difference in the tunability of the concave and the convex 

microlens array may be explained by the fundamental difference in the origin of lens 

formation. The curved structure of the concave microlenses is formed under the buckling 

force when the pre-strain εP is released after formation of oxide layer. Thus, by design, 
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the concave microlens should be completely flattened, i.e. the lens volume V decreases to 

zero when the applied strain becomes equal to the pres-strain, εP. This constraint of V = 0 

at ε = εP in the concave lens provides large tunability of the focal length by applying 

mechanical strain. In contrast, the curved structure of the convex microlens is replicated 

from the concave microlens and there is no buckling involved in lens formation. When a 

convex microlens is stretched, since PDMS is an elastomer (Poisson’s ratio ν ≈ 0.5), the 

lens volume V0 remains constant such that the lens can never become completely flat. 

This constraint results in considerably smaller focal length tunability.   

 To estimate the focal length, we assumed the lenses were spherical with either 

completely flat lens at pre-strain (concave lens) or constant lens volume (convex lens) 

constraints.  In comparison of the experimental and calculated focal length vs. applied 

strain, we observed similar trend but systematic difference in the concave microlenses 

(Fig. A.3a), whereas those agree reasonably well in the convex microlenses (Fig. A.3b).  

It suggests that the approximation of spherical lens and constraints of flat lens at pre-

strain (concave lens) or constant volume (convex lens) is sound. The systematic 

difference between the experimental and theoretical data in concave lenses may be 

partially attributed to the difference in refractive indices in the bilayer structure, which is 

not taken into account in calculation due to the uncertainty in thickness of the oxide layer. 

In addition, Eq. A.6 for curved surface area as a function of strain may not be accurate 

enough to approximate the actual change in lens surface area with increase of strain. 
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A.4 Conclusions 

 In conclusion, using mechanical strain induced buckling on patterned PDMS 

bilayers and replica molding, we fabricated concave and convex microlens arrays, 

respectively. We demonstrated the real-time focal length tunability of both types of 

microlens array by applying mechanical strain both experimentally and theoretically. Due 

to the difference in the mechanism of lens formation, the concave and convex microlens 

array showed fundamentally different strain response behaviors. Large range of focal 

length tunability was obtained for concave lens array whereas convex lens array had 

smaller tunability.  We believe that the fabrication of single-component, strain-responsive 

microlens arrays and study of their tunability would offer important insights to design 

tunable optical microdevices for many optics, MEMS, and sensing application 
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