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ABSTRACT
This study aims to develop a process which allows 3D integration of micro and
nanostructures in microchannels. A fabrication process was established for the large
area integration of hierarchical micro and nanostructures in microchannels. This novel
process, which is called 3D molding, takes advantage of an intermediate thin flexible
stamp such as PDMS from soft lithography and a hard mold such as brass from hot
embossing process. However, the use of a thin intermediate polydimethylsiloxane
(PDMS) stamp inevitably causes dimensional changes in the 3D molded channel, with
respect to those in the brass mold protrusion and the intermediate PDMS stamp
structures. We have investigated the deformation behavior of the 3D molded
poly(methyl methacrylate) (PMMA) substrate and the intermediate PDMS stamp in 3D
molding through both experimentation and numerical simulation. It was found that for
high aspect ratio brass mold protrusion, the maximum strain of the intermediate layer
occurs in the bottom center of the 3D channels. However, with decreasing the aspect
ratio of brass mold protrusion the highest elongation occurs at the bottom corners of the
channel causing less elongation of the intermediate PDMS stamp and imprinted
structures on the bottom surface of the 3D channel. A modified 3D molding process
which is called 3D nanomolding is developed which allows nanopatterning the surface
of small microfeatures. Using 3D nanomolding process and solvent assisted bonding
microdevices with no side, one side, three sides and four sides patterned were
fabricated. To characterize 3D flow patterns induced by the surface structures on
microdevices, confocal microscopy was used as dyed water and undyed water injected
from separate inlets of micromixer were mixed along the microchannel at flow rates of
10 and 40 µL/min. The standard deviation (!) of the normalized intensity measured in
the confocal image of the cross section of the channel was used for quantifying the
degree of mixing and evaluating the mixing performance of all four different
microdevices. Experimental and simulation results show that by patterning the surface
of the micromixer, flow patterns can be manipulated, which can improve mixing
through stretching and folding of fluid elements and therefore increasing the interfacial
area between fluids and cutting down the diffusion length. The effect of increasing
velocity on increasing standard deviation (decreasing mixing) was also found to be less
for the micromixers whose surfaces are patterned compared to the plain channel.

xvi

CHAPTER 1. INTRODUCTION
1.1 General background
Microfluidics is the science and technology of processing and manipulating of small
volumes of fluids (10-9 to 10-18 liters) using channels with dimensions in the range of
tens to hundreds of micrometers [1]. Microfluidic devices have been used for analytical
chemistry, clinical diagnosis, environmental monitoring and food analysis [2].
Microfluidics offers researchers advantages such as high sample throughput, high
performance, low consumption of sample and reagents, low power consumption,
reduced cost, integration of various functionality, and automation [2]. Quite diverse
materials can be used for microfluidic chips. Glass and fused silica have excellent
optical properties, high insulating properties and are inert to a variety of different
solvents. However the fabrication of glass microfluidic chips is not very convenient
which makes the use of other materials such as polymers attractive. There are different
numbers of polymers with different mechanical, optical and electrical properties
available for microfluidic chip design [3]. Furthermore, there are many different low
cost fabrication techniques for mass production of microfluidic chips such as injection
molding, injection compression molding, reaction injection molding, hot embossing and
thermoforming, which makes the polymer based microfluidic chips attractive as
disposable devices [3]. In microfluidics due to the large ratio of surface area to volume
manipulating surface properties of microfluidic channels is of great important. Surface
properties are influenced by combined effect of surface topography and surface
chemistry as observed in nature in lotus leaf [4]. While it is possible to change the
surface properties of all walls of a microfluidic channel by modifying surface chemistry,

1

due to the difficulty of patterning all the walls of microchannels, changing the surface
topography mostly has only been limited to the bottom surface of the microchannel. Ou
et al. [5] used lithographically etched silanized silicon to decorate the bottom surface of
a microchannel. They found a pressure drop reductions of over 40% and apparent slip
lengths exceeding 20 µm. Patterning the bottom wall of a microchannel has also been
used for improving mixing [6-9], cell separation, cell capturing and also cell cultivation
[10].
Polymer molding techniques known as replication of a pre-structured mold in a
polymeric material are emerging as powerful micro and nanofabrication techniques.
Traditionally molding has been used for mass production of parts with different size and
shape for appliances, industrial equipment, automobile and aircraft parts at low cost.
Since Chou et al. [11, 12] demonstrated the possibility of fabrication of sub-10 nm in
polymethyl methacrylate (PMMA) using nanoimprint lithography, various molding
technologies and their derivatives have come to spotlight and have been intensively
investigated as the next generation tools for fabrication of micro and nanostructures in a
large area [13-17]. Large area molding of 4 inch wafers fully covered with gratings of
100 nm periods and 8 inch wafer partially covered with micro and nanopatterns have
been successfully demonstrated [18, 19]. Progress in molding technologies for micro
and nanofabrication has been very fast and they have been employed for optical,
electronic, bioanalytical and sensor application. Despite the success there are some
challenges that should be overcome to implement molding techniques as versatile tools
for various applications. Those challenges include overlay and alignment of multilayers
and 3D integration of multiscale structures [20, 21].
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This research will focus on last issue, 3D integration of micro and nanostructures,
by perusing a novel and innovative process which exploits a multi-level molding. In
traditional molding the use of hard molds and application of unidirectional force during
demolding prevent molding technology from producing 3D structures such as
nanopillars and nanogratings protruding from sidewalls of microstructures. Those
structures can easily be damaged during demolding of a hard mold. To avoid damaging
structures patterned on the sidewalls during demolding the mold or the molded part
should have elastic properties so that demolding can be performed under reversible
deformation of the mold or the molded part. Soft lithography has shown interesting
capabilities for fabricating microfluidics with complex topology or for patterning
curved surfaces owing to elastic properties of polydimethylsiloxane (PDMS) [22, 23].
Bogdanski et al. [24, 25] investigated the molding of the undercut structures over an
area of 5×5 cm2 by structuring PDMS with an etched silicon mold. Modifying molding
process by utilizing soft molds such as PDMS can be one of the suitable approaches to
fabricate 3D structures.

1.2 Goal and objectives of this study
The goal of this research is to develop a process which allows fabrication of large
area, hierarchical 3D micro- and nanostructures, integration of micro and nanostructures
into microdevices and exploring its applications in microfluidics. It also aims at finding
some techniques which allow fabrication of superhydrophobic surfaces with multiscale
structures in a large area for controlling the wetting properties of polymer surfaces.
The technical objectives to achieve the goal include:
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1- Establish fabrication process and tools to produce large area, hierarchical 3D
micro- and nanostructures.
2- Define the limitation of the process by measuring the degree of distortion of
integrated structures in microchannels as a function of the aspect ratio and
period of the mold structures.
3- Investigating how the surface structures in microdevice will affect the fluid
behavior.
4- Develop processes for fabrication of large area superhydrophobic surfaces and
characterize the wetting properties of those surfaces.
This work consists of ten chapters. Chapter 2 is a literature review regarding the
background information on the available 3D fabrication processes and application of 3D
patterns in microfluidics. Chapter 3 discusses the fabrication of a thin flexible stamp
and its application for soft UV nanoimprint lithography (UV-NIL). Chapter 4 discusses
a novel process designed for integrating micro and nanostructures in microchannels,
which is called 3D molding. Chapter 5 defines the limitation of 3D molding process by
investigating the effect of the aspect ratio and period of the mold structures on distortion
of integrated structures. In Chapter 6, a modified 3D molding process which is called
3D nanomolding is developed which allows nanopatterning the surface of small
microfeatures. In Chapter 7, microdevices fabricated using 3D nanomolding and solvent
assisted bonding are used to show how surface structures can manipulate the fluid flow.
In Chapter 8, application of soft UV-NIL for fabrication of a superhydrophobic surface
using a 3D natural and artificial superhydrophobic template will be explained. In
Chapter 9, an innovative technique which combines sanding, reactive ion etching (RIE),
and silane deposition to fabricate a superhydrophobic surface on different polymers will
4

be introduced and the wetting properties of the fabricated surfaces are investigated. In
Chapter 10, we modify the process introduced in Chapter 9 by combing molding, RIE
and

silane

coating

to

engineer

the

surface

of

the

polymer

to

achieve

superhydrophobicity. Finally, a summary of the results and future work will be
presented in Chapter 11.
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CHAPTER 2. LITERATURE SURVEY
2.1 Introduction
This study focuses on developing a technique which allows fabrications of 3D
structures and integration of micro and nanostructures in polymeric microfluidic chips
to manipulate the surface wetting properties and engineer the fluid flow. This chapter
summarizes the literature surveys on available 3D fabrication techniques and discusses
the principle and influencing parameters in different 3D fabrication techniques. Most
techniques employed for 3D fabrications can fall into two categories, beam based and
molding based methods. In the beam based methods a beam such as electron beam,
focused ion beam, UV-beam or laser beam is required for 3D fabrication while in
molding based methods a hard or flexible mold is exploited for 3D fabrication. A
summary of possible applications of patterning microfluidic chips will be presented at
the end of this chapter.

2.2 3D fabrication methods
2.2.1 Beam based methods
2.2.1.1 Interference lithography (IL)
In interference lithography (IL) which is also called holographic lithography a
stationary spatial distribution of light intensity is created by the interference of two or
more beams of light. The pattern that is obtained from this intensity distribution is
transferred to a photoresist coated on a hard substrate, yielding a 3D bicontinuous
photoresist/air structure after development [26]. Geometrical elements and volume
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fraction of the structures can be determined by controlling beam parameters such as the
number, amplitude, phase, wave vector and polarization of the interfering beams [27].
The IL allows for control over the detailed geometry of the structures, and due to
inherent registration and component joining large area fabrication of single crystal
structures is possible [26]. In order to perform interference lithography there are two
main approaches. In the first approach a conformable elastomeric phase mask is used
[28]. A phase mask is a surface relief diffraction grating from which a set of outgoing
beams (at specific angles related to the geometry of the mask) is created from a single
incident beam (plane wave) [28].The phase difference between the diffracted beams is
determined by the grating. The phase mask is placed in contact with a film of
photoresist and is exposed to light. The diffracted beams coming out of the phase mask
then interfere within the volume of the photoresist and create 3D structure [26]. In
multibeam (free space) IL the targeted interference pattern is created from interfering of
multiple collimated, coherent laser beams with specific beam parameters suitable for
creating desired structures within the volume of a photoresist [26, 29, 30]. Due to
difficulty of controlling phase in this setup usually the number of beams is limited to
four or less. Phase mask interference lithography compared to multibeam interference
lithography has favorable process conditions for integrated optics platforms since the
beams all come from the same half space [26]. 3D structures fabricated using IL can be
used as photonic crystals, phononic crystals and as microframes, and for the synthesis
of highly nonspherical polymer particles [26].
2.2.1.2 Two-photon lithography
Tightly focused picosecond and femtosecond lasers can be used for 3D fabrication
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employing two-photon absorption (TPA). In this technique the energy transferred from
laser light to resin is tightly confined to the vicinity of the laser focus where enough
photon per pulse and volume are available and therefore simultaneous absorption of two
or more photons can be possible. As the result the polymerization is only limited to the
neighborhood of focal point of the laser light. The size of the polymerized area is
dependent on the light distribution which is a function of the different parameters such
as numerical aperture of focusing optics, laser wavelength, pulse duration, exposure
time, repetition rate of the laser and material diffusion. Since the photopolymerization
only occurs at the vicinity of focal point of laser light by scanning the laser focus
through the volume of the liquid resin an arbitrary 3D shape can be easily fabricated
which remains after removing of the non-polymerized resin [31-34].
2.2.1.3 FIB-CVD
In FIB-CVD by gradual movement of ion beam during the CVD process the
position of the growth region around the beam can shift and the favorite 3D structure
can be fabricated [35-37]. The 3-D structure is built up as a multilayer structure. In the
first step a 3-D model of the structure is designed by a computer aided design (CAD)
system then this model is cut into different slices. The thickness of the slices depends on
the resolution in the z-direction. The x- and y-coordinates of the slices are then used to
create the scan data (voxel data). Growth in the x- and y-directions is controlled by both
beam deflectors. The growth in the z-direction is determined by the deposition rate [35,
37]. FIB-CVD and a phenanthren (C14 H10) gas as a precursor has been used to fabricate
3D nanostructures. The deposited material is diamond-like amorphous carbon (DLC)
which has a Young’s modulus exceeding 600 GPa making it highly desirable for
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various applications. Microcoils, nanowiring, as parts of nanomechanical system and
nanoinjector and nanomanipulator as novel nanotools for manipulation and analysis of
subcellular organelles have been fabricated using FIB-CVD [35, 36].
2.2.1.4 Electron beam lithography (EBL)
The proximity effect of electron beam lithography (EBL) can be utilized to create
3D microstructures on negative photoresists [38]. In EBL the crosslinking of negative
photoresist occurs as a result of the interaction of highly energetic electrons and the
photoresist macromolecules. When an electron enters the photoresists it loses its energy
via the elastic and inelastic collisions known as scattering. Scattering of the electron can
cause broadening of the beam by producing a net lateral electron flux normal to the
incident beam direction. As the result of scattering, each e-beam spot will affect other
locations in addition to its own target location. The relationship between spatial
distribution of electron beam irradiation and spot size and dosage of irradiation was
experimentally investigated in SU-8 to obtain a dosage kernel distribution function [38].
A mathematical procedure based on linear operation of this kernel function is then
proposed to mimic the EBL fabrication process [38]. The experimental results showed
that it is possible to conceptually design fabrication parameters, spot size and dosage of
irradiation, to create the desired 3D structures [38]. There are two major problems of
using EBL to create the final 3D structures. Firstly, EBL is a relatively expensive
process and it cannot be used for batch production for cost reduction. Secondly, EBL
can only be used for shaping certain types of polymer, which may not be suitable for
real applications. Therefore, a post-EBL process must be incorporated to overcome the
above two major drawbacks. Yamazaki et al. [39] also used EBL that involves repeating
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the e-beam exposure, rotation, and if necessary development and etching to fabricate 3D
nanostructures such as nanopillars with a diameter of 100 nm and nanofilter with 20-30
nm holes on a microsphere. It was achieved through combination of a rotation drive in
EBL apparatus, a focusing system and an e-beam positioning method that used a
transmission signal to provide an accuracy of the order of 10 nm.
2.2.1.5 Stereolithography
To fabricate a 3D structure from a UV polymer two-dimensional (2D) sliced shape
of the final structure is obtained. Final 3D structure can be fabricated by stacking 2D
sliced planes hardened from a liquid by UV light exposure. Using a computer-controlled
laser beam or a digital light projector with a computer driven building stage a pattern is
exposed on the surface of the resin. The resin in the exposed area is polymerized for a
specific depth and adheres to the support stage. After polymerization of the first layer
the stages moves for a defined distance from surface and the resin covers the
polymerized surface. Based on the 2D slides shape of the final structure a pattern is then
cured in the second coated layer. Since depth of curing is higher than stage step distance
good adhesion of the cured UV polymer layer to previous layer can be achieved. This
process continues until final 3D structure can be fabricated. After washing off excess
resin post curing is often performed to complete the conversion of the reactive group
and improve the mechanical property of the final 3D structure [40-42].
2.2.1.6 Layer-by-layer multiexposure
3D fabrication by multicoating of photoresist and exposure steps is possible using
traditional 2D lithographic equipment and alignment marks on the mask. Development

10

of photoresist can happen after each exposure or can be done after exposure of the last
coated layer, depending on the geometry of the final structures. For high aspect ratio
(HAR) structures, a single exposure is preferred because of the risk of collapse of the
structures during drying and difficulty of coating a uniform and planar resist over HAR.
In order to reduce the stress building up during multicoating and avoid cracking of resist,
resist with different viscosities can be sequentially used and developed in a single step
[27, 43].
2.2.1.7 Inclined/rotated lithography
In conventional lithography the mask and the resist film are parallel to each other
and perpendicular to the exposure source causing a vertical and binary contrast to form.
By tilting the mask and resist film with respect to the beam using a tilting stage,
inclined structures can be fabricated [44]. Oblique SU-8 cylinders, embedded channels,
bridges, V-grooves and truncated cones can be fabricated using this technique [44].
Multiple inclined UV exposures along different axes can be employed to fabricate
complex 3D structures [44-46]. Tilted exposure can also be combined with vertical
exposure to create asymmetric pillars with vertical and inclined sidewalls [47]. If the
mask and resist film are tilted and simultaneously rotated during exposure, tapered
structures with non-vertical sidewalls can also fabricated [44, 48]. Due to difference
between the refractive indices of air, mask and resist the angle of fabricated structures is
less than the angle of tilted exposure. To increase the maximum angle of tilted
structures exposure medium such as glycerol or water can be used [49, 50].
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2.2.1.8 Modulated exposure
Fabrication of multilevel structures from single resist is possible if a special mask
allowing modulated exposure of UV light is employed. In ‘Gray scale’ lithography
special masks modulating the light intensity according to their grey levels are used [51].
Two types of grey scale masks can be used: halftone chrome masks and high-energy
beam sensitive (HEBS) glass masks. Halftone masks are binary chrome masks with
grey levels made possible by different densities of opaque pixels on a transparent
background. HEBS glass masks are fabricated by exposing glass to controlled doses of
a high- energy electron beam, causing the reduction of silver ions in the glass. By
changing the concentrations of reduced silver ions different gray levels can be produced
[52, 53]. A modulated exposure can also happen using a mask with a topographical
pattern of a UV-absorbing photoresist. In this case the exposure dose varies based on
the height of mask features. Such masks can be fabricated by lithographic structuring of
a resist film on a glass substrate, followed by reflowing of the resist features to form
hemispheres [54]. Photolithographic masks containing scale colored patterns printed on
transparent films have also been used for modulated exposure [55]. In this case,
modulated exposure can be possible due to the different scale of UV absorbance of
different colors.
2.2.2 Molding based methods
2.2.2.1 Patterning curved surfaces using a flexible stamp
One approach for patterning curved surfaces can be using flexible stamp which can
provide a conformal contact on the curved surface. Choi et al. [23] used
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polydimethylsiloxane (PDMS) stamp for patterning polystyrene coated cylindrical and
spherical substrates via hot-embossing process without use of high pressure to create
features down to 350 nm. Gentle finger pressure was applied to the mold in order to
remove any air bubbles and maintain a conformal contact with the substrate. In this
technique when polystyrene is heated above its glass transition temperature (Tg) its
chains are mobile enough to penetrate into the PDMS grooves.

Mukherjee et al. [56]

used polyvinyl alcohol (PVA) stamp and solvent vapor- assisted imprinting to imprint
polymer films coated on curved surface. In the proposed method imprinting of polymer
film is performed by reducing the glass transition temperature of polymer by exposure
to solvent vapor rather than heating the polymer above its glass transition temperature.
After printing PVA stamp was removed from printed pattern by dissolving it in water.
To enhance close contact and uniform pressure when imprinting large area, Chang et al.
[19]

used pressurized gas to press soft mold into the poly(methyl methacrylate)

(PMMA)

resist coated

on curved substrate. Cheng et al. [57] used gas bag pressure

mechanism to pattern submicron patterns on a large concave substrate. Thin PDMS also
has been used as a phase mask [58] or optical mask [59] for patterning curved surfaces.
Paul et al. [58] used a PDMS stamp as an elastomeric phase mask to fabricate features
as small as 175 nm on a hemisphere surface. Kim et al. [59] have used a thin film
PDMS photomask with metallic microfeatures to pattern SU-8 resist coated on the
curved surface.
2.2.2.2 Microthermoforming of pre-structured thin films
In microthermoforming process a semifinished product, thermoplastic film, is
placed in the molding tool which consists of three parts, mold with microstructures on
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its surface, the counter plate with the holes for evacuation and applying pressure using a
pressurized gas and a sealing elastomer for maintaining vacuum between mold and its
counter plate.

At first, the tool halves are closed to a distance by which vacuum

sealing can be achieved and then closed completely so that the film is clamped between
mold and its counter plate. Then the molding unit is heated up so that the temperature of
thermoplastic film reaches above its glass transition temperature. Then the
thermoplastic film is formed into the evacuated cavities of the mold by using the
pressurized gas. After stretching of the film the molding tool is cooled down to a
temperature approximately 20 K less than glass transition temperature of thermoplastic
film and then tool is opened and then thermoformed microstructure can be demolded
[60-62].

Because of the different molding principles and range of temperature, hot

embossing process and thermoforming can be combined to fabricated 3D structures
from a pre-structured film. In this technique, in the first step the thin film is patterned
using hot embossing process and then in the next step is formed using thermoforming
process without destroying the preliminary embossed structures [63]. By using this
technique fabrication of channels with patterns protruded from their sidewall can be
realized. Senn et al. [64] and Zimmermann et al. [65] have used this technique for
controlling the wetting properties of surface of microchannels. This two step technique
also has some limitations for fabrication of 3D structures. It can be used for fabrication
of 3D structures only in thin films not in the bulk. Micro thermoforming can be used
only for fabrication of structure in micron range therefore fabrication of
submicrostructures with nanostructures protruded from their surface cannot be possible
by combining hot embossing process and microthermoforming. Depending on the
design the stretching of thermoformed film is not uniform causing different thickness of
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the film in different areas. Overstretching of the film can cause breakage of the film
limiting the aspect ratio of the achievable structures. Because of the themoforming
conditions the sharp edges cannot be replicated and they transfer to edges with round
corners [63]. A similar technique which exploits microthermofrorming of prestructured
polymer film by deep UV exposure is used for 3D cell cultivation in the form of
microcontainer array [62].
2.2.2.3 Microstructured anodized alumina or aluminum mold for 3D fabrication
In this process aluminum is first micropatterned using a variety of techniques such
as micromilling, optical lithography, wet etching or imprinting and then anodized to
form the nanopatterns on the surface of the micropatterns as a result of formation of the
oxide layer, which has a nanopattern honeycomb structure. This oxide layer containing
nanoholes can be removed to leave just nanotexture on surface of micropattened
aluminum or can be left to form nanoholes on the surface of micropatterned aluminum.
Micropatterning can also be preformed after anodization. The 3D mold fabricated using
this technique can be used for injection molding, hot embossing, heat and pressure
driven replication and casting to create the final 3D structure [66-70].
2.2.2.4 Repeating reverse nanoimprinting
In this technique a polymer film is spin coated onto a mold and fills the trench
regions of the surface relief patterns. Then this film can be transferred from the mold to
a substrate if the mold has a lower surface energy than the substrate. By repeating this
process 3D structures can be fabricated in a layer-by-layer fashion [71, 72].
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2.2.2.5 Combined NIL processes
In this process PMMA is spin coated on Si and imprinted by stamp having
nanopatterns. After pattern transfer from silicon stamp to PMMA the residual PMMA is
removed and using etching the nanopatterns are transferred to silicon substrate. PMMA
again is spin coated on the fabricated nanostructures on Si and this time is imprinted by
Si stamp with microstructures. After removing the residual layer two different
approaches can be used to fabricate multiscale structures. Combining PMMA and
silicon structures can be used as a master mold having multiscale structures for PDMS
casting or PMMA can be used as an etching mask to fabricate multiscale master mold
for PDMS casting. In the first case the nanostructures are formed at the bottom of the
microstructures on Si while in the second case they form on the top of the
microstructures. The replicated multiscale PDMS structures then can be used for
replication [73].
2.2.3 Other methods
2.2.3.1 UV-assisted capillary force lithography
A two-step UV assisted capillary molding technique can be used to fabricate dual
scale structures. Therefore, this method is a combined molding and beam based method.
A polyurethane acrylate (PUA) or a PDMS mold having micropatterns are first used for
partial curing of UV resin. Due to partial curing the surface of microstructures remain
tacky allowing for subsequent nanofabrication on the fabricated microstructures without
their collapse and distortion. After fabricating the partial cured microstructures the PUA
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mold with nanopatterns can be used for patterning the top of microstructures by the next
UV exposure and applying a low pressure [74, 75].
2.2.3.2 Combined NIL and optical lithography processes
In this method which is a combined molding and beam based method a UV resin is
first patterned on surface of Si using a PDMS stamp having nanopatterns and then SU-8
is spin coated on the patterned UV resin and is patterned using optical lithography and
masks with micro patterns. After removing the uncured SU-8 a multiscale master mold
can be fabricated for mass production [76].
2.2.3.3 Adding nanostructures to the surface of microstructures using etching
Superhydrophobic surfaces that can be found in nature, e.g. lotus or elephant ear
leaves, exemplify hierarchical micro- and nanostructures in which nanoscale pillars
emanate from the surface of microbumps. Similar structures can be fabricated in silicon
or polymers by adding nanostructures through dry or wet etching to the surface of
microstructures, which are fabricated previously on surface of those materials [77-79].
2.2.3.4 Using monodispersed colloidal spheres as building block for 3D fabrication
Monodispersed colloidal spheres can be used as building blocks for fabrication of
3D structures [80]. Different techniques are available for fabrication of monodispersed
colloidal spheres. The most commonly used techniques are controlled precipitation for
inorganic (hydrous) oxide and emulsion polymerization for polymer latexes [81-83].
These monodispersed colloidal spheres then can be organized into 3D crystalline
lattices using a variety of techniques including sedimentation in a force field such as
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gravitational field [84, 85], repulsive electrostatic interaction [86, 87], crystallization
under a physical confinement and hydrodynamic flow [88-90].

2.3 3D patterning in microfluidics
3D patterning of the surface of microfluidics can be used for increasing the loading
capacity of the microfluidics, improving the mixing, controlling the wetting properties
of the surface, and for manipulations of the cells which will be explained in more details
in this section.
2.3.1 Increasing loading capacity
Integrating structures inside a microfluidic device can improve biomolecule loading
capacity of microfluidic system due to enhancement of surface area. Liu [2] fabricated a
microfluidic immunesensing chip whose bottom surface was the positive replica of a
lotus leaf and proved that it has five times lower detection limit compared to
conventional microfluidic chip with flat channel walls due to increase of the amount of
immobilized antibody as a result of increase of surface area.

Soper et al. [91] used in

situ polymerization cast molding to integrate large area polymer nanopillars into a
microfluidic device and demonstrated that it can enhance target processing rate due to
larger load of enzyme possible over a given footprint. Cady et al. [92] showed the
integration of micropillars in a microfluidic channel can increase surface area available
for DNA extraction.
2.3.2 Improving mixing
Patterning microfluidic channel walls can improve mixing in microchannels.
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Reynolds number which quantitatively describes the fluid flow in microfluidics due to
low channel size is less than one hundred therefore the flow in microchannel is laminar
[7-9]. Due to presence of laminar flow multiple streams can flow side by side without
turbulent mixing. Only diffusional mixing occurs in the interface of those streams
which is a drawback for rapid mixing. Therefore channel size should be very long and
processing time increases. Johnson et al. [6] and Stroock et al. [7, 8, 46, 93] have shown
integration of microridges in the bottom of microchannels can stretch and fold fluid
elements such that that the interface between the unmixed regions grows exponentially
with time (or axial distance) and the width of unmixed regions decreases exponentially.
This can improve mixing by decreasing the distance over which diffusion should occur.
In their experiments a series of microridges were fabricated on the bottom of a PDMS
microchannel at an oblique angle with respect to the flow direction by fabricating a
master mold in SU-8 with a layer-by-layer photolithography and then transferring
structures from master mold to PDMS. A number of different microridge patterns were
tested. The simplest pattern incorporated microridges of various depths, widths, and
spacings aligned at a 45° angle from the flow direction. In a pressure driven flow setup
fluorescently tagged fluids were introduces in a Y-type channel. The degree of mixing
(convection plus diffusion) was quantified by calculating the standard deviation of the
intensity distribution of the confocal images of the channel cross section. In the mixing
channel, there was less resistance to the flow in the direction parallel to the peaks and
the valleys of the microridges than in the orthogonal direction. As a result of this
anisotropy, an axial pressure gradient along the microridges generates a transverse
component in the flow which originates from the structured surface causing formation a
helical secondary flow. The fluid then circulates back across the channel along the top
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wall of the channel. Fluorescent confocal micrograph of the channel cross section shows
the rotation and distortion of fluid elements and the reduced mixing length. Stroock et
al.’s studies showed that increasing the depth or frequency of microridges increased the
strength of the helical flow and the degree of mixing. Additionally, Stroock et al. [7]
demonstrated that mixing could be drastically improved if the design of the microridges
was changed from obliquely oriented microridges to asymmetric staggered herringbone
structures. The change in orientation of herringbone between half cycles exchanges the
center of rotation and the up- and down-wellings in transverse flow which accelerate
mixing.
2.3.3 Controlling wetting properties of microfluidics
In a superhydrophobic surface, due to formation of a composite surface consisting
of air and solid substrate under the liquid droplet it is only in contact with a fraction of
the solid substrate (Cassie state). This leads to a low friction between the surface and
droplet, and consequently a low sliding angle. Ou et al. [5] used lithographically etched
silanized silicon to decorate the bottom surfaces of microchannel with arrays of
micropillars and microgratings. They systematically investigated the effect of
topological changes on drag reduction and velocity profiles, using pressure drop
measurements and microparticle image velocimetry (PIV). The fluid in contact with the
top of the micropillars and microgratings has no slip while it can slip between the
micropillars and microgratings due to the shear free boundary condition at the air-water
interface. The existence of air-water interface and its deflection under flow condition
was proved using laser confocal surface metrology of the interface. They found a
pressure drop reductions of over 40% and apparent slip lengths exceeding 20µm.
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Patterning the bottom surface of microchannel was more effective when the space
between structures increased and the channel height decreased.

A drag reduction on

fluid flow also has been reported for microchannels whose surface was decorated with
functionalized carbon nanotubes with thiols in liquid or gas phase [94].
2.3.4 Manipulating cells in microfluidic system
Incorporation of structures into a microfluidic system can be used for cell studies.
For example it can engineer hydrodynamic flow profiles for sized-based cell separation
and enrichment. It can also be used for capturing cells in shear-free locations by
employing capillary force or gravitational sedimentation. Patterning the walls of
microfluidics can also change wetting properties of surface and control cell adhesion
and growth [10].

2.4 Conclusions
Most techniques available for 3D fabrications fall into two categories: beam based
and molding based methods. In beam based methods, a beam such as laser beam [26,
28-30], focused ion beam [35-37], UV-beam [43, 44, 46, 50, 51, 54, 55] or electron
beam [38] is required for 3D fabrication. Interference lithography, offers increased
throughput but only symmetric geometries can be fabricated using this technique [26,
28-30]. Arbitrary geometries can be fabricated using two-photon lithography [33, 34] by
scanning the laser focus through the volume of the liquid resin but writing speed is slow
and costly high intensity laser beams are required. By gradual movement of ion beam
during the CVD the favorite 3D structure can be fabricated as well but this technique is
also slow and expensive [35-37]. 3D and multiscale structures can also be fabricated by
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modifying 2D photolithography equipments. This can be realized by multiexposure [27,
43], modulated exposure [51] or tilting/rotating [44-46] resin and mask. In the second
category, molding based methods, a hard or flexible mold is exploited for 3D
fabrication. A thin flexible stamp such as PDMS can be used for patterning curved
surfaces [23]. In microthermoforming a hard mold is used for forming of thin
prestructured films [60-62]. A 3D mold also can be fabricated by microstructuring
anodize alumina or aluminum mold and be used for injection molding or hot embossing
[66-70]. Most molding based technique can be used as a batch process; therefore they
have a high throughput. Patterning the walls of microfluidic chips has some potential
applications. It can be used for controlling the wetting properties of surface of
microfluidics [5], engineering the flow to improve mixing [7, 8, 46, 93], increasing the
loading capacity of biomaterials [2]

and also be exploited for cell capturing,

enrichment and cultivation [10].
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CHAPTER 3. SOFT UV-NANOIMPRINT LITHOGRAPHY
ON NON-PLANAR SURFACES∗
3.1 Introduction
The ability to produce micro- and nanostructures on non-planar surfaces is of
importance for many applications such as optics, optoelectronics, imaging technology
and microfluidics [58, 95, 96]. Diffractive optical elements fabricated on concave and
convex lens surfaces have been used in ultraviolet spectroscopic instruments [95].
Spherical surfaces patterned with features at 100 nm scale enabled the fabrication of
optical devices with wide fields of view [96]. Curved or non-planar surfaces are
difficult to pattern using conventional lithographic methods. In contact mode
lithography the rigid flat mask is in contact with a non-planar surface only at a single
point, while in projection mode lithography the features from the mask will only be in
focus in a small area of the exposed region [58]. The conventional nanoimprint
lithography and hot embossing process, which are high throughput micro- and
nanofabrication methods utilizing molding, also employ a hard stamp, which makes it
difficult to use those processes in patterning non-planar surfaces.
The efforts to overcome such limitations can broadly be divided into two categories.
The first category involves the use of a beam based serial fabrication tool such as
focused ion beam chemical vapor deposition [97], electron beam lithography [38], and
laser direct writing [98] to directly write micro- and nanopatterns on non-planar
surfaces. Despite the demonstration of patterning complicated 3D structures, the use of

∗
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high-end nanofabrication tools is usually too expensive and time-consuming

to

be

implemented as flexible techniques to economically produce large area patterns on nonplanar surfaces.
In the second category, the conventional conformal molding process has been
modified to allow for the fabrication of micro and nanopatterns on non-planar surfaces,
mostly benefiting from the flexibility of an elastomeric polymer, poly(dimethylsiloxane)
(PDMS). Choi et al. [23] used stamps made of PDMS for patterning polystyrene-coated
cylindrical and spherical substrates via a hotembossing process without the use of high
pressure. They created nanolines and dots down to 350 nm by applying gentle finger
pressure to the PDMS mold in order to remove any air bubbles and maintain a
conformal contact with the substrate. PDMS molds can also be used to produce patterns
on non-planar surfaces using capillary force lithography [99]. Due to the flexibility of
PDMS, however, a PDMS stamp inevitably experiences mechanical deformation during
molding at high pressure and temperature, making it difficult to fabricate fine nanoscale
patterns. In order to overcome this problem, rigiflex lithography that utilizes a hybrid
stamp composed of rigid micro- and nanostructures and a flexible support has been
developed [100]. PDMS was also used as an elastomeric phase mask [58] or photomask
[59] to fabricate micro- and nanoscale features in a photoresist layer coated on curved
surfaces. To enhance close contact and uniform pressure when imprinting large area,
pressurized gas or gas bag pressure was used to press a soft stamp made of PDMS into
the poly(methyl methacrylate) (PMMA) resist coated on a curved substrate [19, 57].
Despite some level of success, those molding techniques based on soft stamps have
demonstrated the patterning of curved surfaces with large radii of curvature only and
have not been applied for patterning 3D structures with sharp corners.
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One technique which has an excellent potential for patterning non-planar surfaces
with sharp corners is soft UV-NIL, in which soft stamps are combined with UV-NIL.
The low viscosity of UV resists used in UV-NIL allows for easy filling into stamp
cavities at low pressure even when the soft stamp is bent along the curvature of the
substrate. The soft UV-NIL technique has mostly been employed for patterning flat
surfaces [101-107]. There is one attempt by Chen et al. [108] to use this technique to
pattern concave surfaces with a 2 mm thick PDMS stamp. However, their work was
also limited to the patterning of concave surfaces with curvature radius of 92.5 mm. In
this study we show a simple and effective process via soft UV-NIL that allows direct
imprinting of micro- and nanostructures on non-planar surfaces even with sharp corners.
The key of the process is the use of a thin PDMS stamp in combination with soft UVNIL. Si and porous alumina masters were used to fabricate flexible PDMS stamps with
respective micro- and nanopatterns in large area. As non-planar substrates, we have
used a UV-curable polymer blend containing poly(propylene glycol) diacrylate
(PPGDA), trimethylolpropanetriacrylate (TMPTA) and Irgacure 651 coated on the
concave surfaces of PMMA and glass lens and PMMA steps. The results show that by
using thin PDMS stamps, the soft UV-NIL can be extended to patterning non-planar
substrates even with sharp edges.

3.2 Experimental
3.2.1 Fabrication of Si, alumina master and PMMA mold
A 4 in. Si master with microscale patterns was fabricated using UV
photolithography followed by subsequent reactive ion etching (RIE) into Si. A thin
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layer of chrome with a thickness of 100 nm was coated on the Si substrate using
electron beam evaporation. A S1813 photoresist (Shipley company) was spin coated on
Si substrate at 3000 rpm for 60 s. Soft baking of the photoresist was done at 95 °C for 2
min. Then, the spin-coated photoresist was exposed using a UV exposure system
(Quintel Ultraline 7000 series mask aligner, Morgan Hill, CA) with a 1 kW broadband
mercury UV lamp through a UV filter (Kopp 9345, Kopp Glass Inc., Pittsburgh, PA)
and a mask with grating patterns with a width and period of 5 µm and 15 µm,
respectively. The exposed photoresist was then developed by immersing the substrate in
Microposit 354 Developer (Shipley company) for 1 min, followed by chrome etching
and hard baking at 110 °C for 3 min. An RIE system (Technics 800 Micro RIE) was
used to etch Si. SF6 and CF4 gases were alternatively used for 30 and 240 s, respectively,
while the chamber pressure and power were set at 50 mTorr and 150 W. This process
was repeated 15 times to etch the Si substrate through the chrome mask. After pattern
transfer from the chrome mask to Si, the chrome mask was removed in a chrome
etching solution. The width, depth and period of the Si master were 3.4 ± 0.3, 5.8 ± 0.9
and 14.6 ± 0.3 µm respectively, as measured by atomic force microscopy.
In order to prepare an alumina master containing a hexagonal array of nanoholes for
fabricating nanostamps, a high purity aluminum foil was cut into 2.5  ×  4 cm2 pieces
with scissors. The Al pieces were cleaned in an ultrasonic acetone bath for 10 min to
remove surface impurities and then electropolished for 20 min to remove scratches on
the sample surfaces and achieve a mirror like surface prior to first anodization.
Electropolishing conditions were 0 °C, and 35 V DC in a 1:4 volume ratio of perchloric
acid to ethanol. The first anodization was performed in 0.3 Moxalic acid for 2 h at the
voltage and temperature of respectively 40 V DC and 0°C. After the first anodization
26

process, etching of the oxide layer was carried out for almost one and a half hours at 55
°C in equal parts by volume of 6 wt.% phosphoric acid and 1.8 wt.% chromic acid,
which results in the formation of a hexagonal array of crates. Then, the second
anodization followed using the same parameters as those for the first anodization but for
2 h, which produces a hexagonal array of deep pores.
The pore patterns in the anodized alumina were replicated into PMMA via NIL
which was used as the master to prepare flexible PDMS stamps with nanostructures.
Prior to imprinting, the alumina surface was coated with a hydrophobic fluorinated
silane via a vapor deposition process for 20 min in a home-made chemical vapor
deposition chamber in order to reduce adhesion of alumina to the imprinted polymer.
The silane used for the coating was (heptadecafluoro-1, 1, 2, 2-tetrahydrodecyl)
trichlorosilane (C10H4Cl3F17Si) purchased from Gelest. After introducing a sample, a
vacuum chamber was evacuated to a base pressure of 15 mTorr. Then, the valve to the
pump was closed to seal the vacuum of the chamber and a valve to an ampule filled
with the silane was opened to allow the silane to vaporize and coat the alumina surface.
After coating for 20 min the pressure in the chamber was increased to 34 mTorr. For
NIL, a PMMA substrate was heated at 180 °C for 5 min and then imprinted with the
alumina stamp at the same temperature and at a pressure of 50 bar for 10 min. By
demolding of the alumina stamp at 70 °C, a hexagonal array of pillars, which is the
negative image of the patterns in the anodized alumina, was produced in PMMA.
3.2.2 Fabrication of thin, flexible PDMS stamp
The Si and PMMA masters containing respectively microgratings and a hexagonal
array of nanopillars were again replicated into a thin layer of PDMS to be used as
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flexible stamps for soft UV-NIL of non-planar substrates. The PDMS elastomer used
was Sylgard™ 184 (Dow Corning), which is supplied as a two-part kit: a silicone
rubber base and a curing agent [22]. The silicone rubber base and curing agent were
mixed in a 10:1 mass ratio. In order to remove air bubbles from the mixture it was
vacuumed for 20 min. For the evacuation time used, change in the viscosity of the
PDMS prepolymer was unnoticeable despite the progress of curing. However, it should
be noted that a longer evacuation time may affect the subsequent spin-coating process
significantly. After removing air bubbles, the PDMS was spin-coated on the Si master
or PMMA mold at 800 rpm for 20 s, which results in the thickness of the PDMS stamp
of 109.0 ± 5.0 µm. PDMS on the surface of the Si master and PMMA mold was then
cured at 65° C for at least four hours in an oven. Curing at this temperature requires a
longer curing time than that at 80° C, the temperature usually used for curing PDMS,
but reduces thermal stress that might be generated during cooling. Finally, the thin,
flexible PDMS stamp was achieved by peeling off from the master structure.
3.2.3 Patterning of micro/nanostructures on non-planar surfaces via soft UV-NIL
Different non-planar surfaces, i.e. the concave surfaces of PMMA and convex
surfaces of a glass lens, and PMMA steps, were used as substrates. Concave surfaces
and steps in PMMA which were used as non-planar substrates were produced by hot
embossing with a metal ball having radius of 4.8 mm and a brass mold containing 2.5
mm period and 0.5 mm high steps, respectively, at 150 °C for 5 min. The radius of
curvature for the convex glass lens was 38.5 mm. A UV-curable polymer blend (resist)
containing 70 wt. % PPGDA, 28 wt% TMPTA and 2 wt.% Irgacure 651 as oligomer,
crosslinking agent and photo initiator, respectively, was used for soft UV-NIL. Taking
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advantage of the low viscosity of the blend, it was manually dispensed using a pipette
on different non-planar substrates. Immediately after dispense, a thin PDMS stamp was
placed over the curved surface of glass or PMMA. In order to obtain conformal contact
with the concave PMMA and lens substrates during soft UV-NIL, gentle finger pressure
was applied to the PDMS stamp. For the step surfaces, the thin PDMS stamp was
sandwiched between the pre-patterned PMMA step substrate and a PDMS replica of the
PMMA steps. A glass slide was then placed on top of the PDMS steps and then the
whole system was clamped to make a conformal contact between thin PDMS stamp and
PMMA steps. Due to the self-aligning property of the steps, sandwiching of the thin
PDMS stamp between the PDMS and PMMA steps can be done easily. Upon pressure
application, excessive UV resist was squeezed out of the stack. UV exposure was
performed for 10 s using a UV lamp with an intensity of 1.8 W/cm2. After UV exposure
PDMS was manually peeled off from the printed UV resist. The processes are shown
schematically in figure 3.1.
3.2.4 Surface characterization and contact angle measurements
Sample surfaces were investigated by use of a JEOL JSM-840A scanning electron
microscope (SEM) and Agilent Technologies 5500 atomic force microscope (AFM).
Static water contact angles were measured by using a pipette, mounted above the
samples, to dispense droplets of volume 8.0 ± 0.5 µL. A minimum of five
measurements were taken to calculate the average contact angle on each sample. Images
of the droplets resting on the samples were analyzed using the contact angle analysis
system FTA 125, First Ten Ångstrom, Inc., Portsmouth, Virginia.
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3.3 Results and discussion
One of the key components for the process is the use of a thin flexible stamp with
desired structures that can make a conformal contact on non-planar surfaces.
Elastomeric PDMS was chosen as the stamp material but other elastomers can also be
used. PDMS has a unique combination of properties due to having an inorganic siloxane
backbone and organic methyl groups attached to silicon [22]. The silicon oxygen bonds
in the Si–O–Si backbone are very easily rotatable and they make the PDMS polymer
very flexible [109]. PDMS is optically transparent down to 300 nm in wavelength,
making it applicable in soft UV-NIL. The ability to spin-coat PDMS on a Si master
allows for control over the thickness of the PDMS stamp by changing the time and
speed of spin coating, which is a key factor for patterning non-planar surfaces, in
particular, those surfaces with small radius of curvature. After curing PDMS, the spin
coated PDMS stamp can be easily released from the Si master due to the combination of
its flexibility and low surface energy (21.6 dyne/cm) [22]. PDMS stamps with various
thicknesses can be readily produced. However, if it is too thin, i.e. a thickness less than
~40 µm, the PDMS stamp can easily be crumpled.
In this work, a PDMS stamp with the thickness of 109.0 ± 5.0 µm was used. With
this thickness, the PDMS stamp could be placed on the surface of a pre-patterned
substrate without a significant distortion. Some researchers have tried to handle thin
PDMS using a rigid support such as glass [102, 110]. However, this cannot be
applicable to our process because the use of a rigid support prevents bending of the
PDMS required for 3D UV-NIL process. Figure 3.2(a) shows a photograph of a large
area PDMS stamp with a 4 in. diameter fully covered with 14.6 ± 0.2 µm period
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gratings. Figure 3.2(b) and (c) shows SEM images of its cross section. The width and
depth of the gratings in the PDMS stamp were 11.4 ± 0.6 and 5.9 ± 1.0 µm, respectively.

Figure 3.1 Schematic illustration of soft UV imprint lithography on (a) convex and
concave surface of glass or PMMA. (b) step surfaces with highly curved surfaces.

Figure 3.2 (a) photograph of large area thin PDMS stamp. (b) and (c) cross section
of thin PDMS stamp.
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A thin PDMS stamp with dimensions of 14  ×  4 mm was cut using a blade from a 4
in. PDMS stamp and was placed over the concave surface of PMMA which was
previously coated by the UV resist. Gentle finger pressure was applied to the PDMS
stamp to provide conformal contact with the PMMA substrate and to push UV resist
inside microstructures on PDMS stamp. Curing was done by exposing the resist to UV
light. Polymerization starts with the breakage of vinyl bonds in both PPGDA and
TMPTA and then proceeds with the formation of acetate bonds between the previously
broken vinyl bonds. Since TMPTA has a functionality of three, cross-linked structures
are obtained. Fourier transform infrared spectroscopy shows the absence of vinyl bonds
at 1635 and 1620 cm-1 after curing, which indicates that the UV polymerization process
has been completed (results not shown). Figure 3.3 shows SEM images of the imprinted
patterns on the concave surface of PMMA after manually releasing the PDMS stamp.
The width, period and depth of imprinted patterns were 3.5 ± 0.7, 14.5 ± 0.2 and 5.8 ±
1.0 µm, respectively. This result shows that the UV resist can easily fill the cavities of
the PDMS stamp by using a gentle finger pressure due to its low viscosity. The
thickness of residual UV resist shown in figure 3.3(b) was estimated to be 32 ± 1 µm.
The residual UV resist layer can be further reduced by applying an appropriate pressure
to ensure squeezing the excessive resist out of the patterning area and prevent pattern
deformation [111].
Nanopatterning of non-planar substrates using the flexible PDMS stamp has been
demonstrated using the convex surface of a glass lens and a PDMS stamp fabricated
from anodic alumina master mold. The anodic alumina was used as a means to produce
a low cost master mold with large area nanostructures without using expensive high-end
lithographic tools such as electron beam lithography. Previously, researchers have used
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self-ordering porous alumina templates for fabrication of aligned carbon nanotubes
[112], metal nanopillars [113], and dot arrays [114, 115]. The pore diameter and the
interpore distance are readily controllable by varying the anodization voltage and
electrolyte type [116]. In this study we used a 0.3 M oxalic acid as electrolyte at a
voltage of 40 V DC, which produces a honeycomb structure in which each pore is
surrounded by six bumps and each bump is surrounded by three pores (figure 3.4(a)).
The diameter of the pores was 65 ± 4 nm. The porous alumina structure was first
replicated into PMMA by thermal NIL as an intermediate step to produce a PDMS
stamp. Direct fabrication of a thin PDMS stamp from the porous alumina was not easy
because PDMS does not fill the alumina pores easily. Figure 3.4(b) shows an AFM
image of the imprinted PMMA. The average diameter of the pillars, interpillar distance
and pillar height are 63 ± 4, 95 ± 5 and 23 ± 6 nm respectively. It should be noted that a
low pillar height resulted from breakage of high aspect ratio pillars close to the PMMA
substrate during the separation of the porous alumina mold from molded PMMA.
Indeed, high aspect ratio PMMA pillars replicated from porous alumina have been
demonstrated only by dissolving the porous alumina after PMMA is filled into the
nanopores [117]. In this case, however, most of the pillars collapsed. Since the collapse
of PMMA nanopillars should be avoided in order to use the imprinted PMMA as a mold
for the fabrication of a thin PDMS stamp, the broken PMMA pillars with low height
could still serve as a nanomold. Figure 3.4(c) and (d) show AFM images of the PDMS
stamp replicated from the imprinted PMMA pillars and the pillars in a UV resist layer
on the convex surface of the glass lens with curvature radius of 38.5 mm fabricated via
soft UV-NIL. The average pore size and interpore distances for the pores in the PDMS
stamp were 60 ± 8 and 91 ± 9 nm respectively. After soft UV-NIL, the average pillar
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size, interpillar distance and pillar height on the convex surface of glass lens were 63 ±
3, 94 ± 9 and 21 ± 3 nm respectively, showing a good replication fidelity. Such good
replication fidelity was made possible due to the use of low pressure, preventing
sagging and pairing of PDMS stamp structures usually observed when high pressure is
applied on PDMS in replica molding [22].

Figure 3.3 Soft UV imprint lithography on concave surface of PMMA.

Patterning of non-planar substrates with small radii of curvature with a thin PDMS
stamp was demonstrated using a millimeter scale step structure with period of 2.5 mm
and depth of 0.5 mm which was pre-patterned in PMMA. Since gentle finger pressure
does not allow for conformal contact on the sharp corners of the step structure, a
conformal contact between the thin PDMS stamp and PMMA steps was achieved by
sandwiching the PDMS stamp between the PMMA steps and PDMS replica of the
PDMS steps, as shown in figure 3.1(b). After UV exposure, the PDMS steps were
removed and the thin PDMS stamp was peeled off from the printed
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manually. Figure 3.5 shows SEM images of the imprinted UV resist coated on the
PMMA steps.
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Figure 3.4 AFM images of (a) alumina master (b) PMMA printed by alumina
master (c) PDMS copy of PMMA mold and (d) UV resist patterned on the convex
surface of glass lens by thin PDMS stamp. The insert shows the photograph of glass
lens with UV resist nanopatterns on its top.

Figure 3.5 UV resist imprinted on surface of steps by thin PDMS stamp which was
sandwiched and clamped between PMMA substrate and PDMS negative replica of
PMMA substrate.

35

The microfeatures in the PDMS stamp are the same as those shown in figure 3.2.
The microgratings from the PDMS stamp were patterned into a layer of UV resist on
top of the PMMA steps. Even the surface roughness under the patterned UV resist (the
lines perpendicular to the microgratings), which is scratching marks originating from
the micromilling process in the fabrication of a brass mold with step structures, is
clearly visible. SEM images with higher magnification were taken of different areas
shown by arrows in figure 3.5(b) and are shown in figure 3.5(c)–(f). The cross section
of the microgratings shown in figure 3.5(g) has tapered sidewalls, which is the negative
copy of the microgratings in the PDMS stamp (see figure 3.2). The top corner of a step
is curved with a radius of ~125 µm while the bottom corner is rather sharp. As seen in
figure 3.5(f) some of the UV resist dispensed on the PMMA steps was trapped in the
sharp bottom corner indicating that it is critical to develop a method to coat UV resists
on non-planar substrates homogeneously for applications requiring no residual layer in
the resist patterns. Then, after the soft UV-NIL process, the residual resist layer could
be removed by a subsequent reactive ion etching process. However, for all other parts of
the PMMA steps there is a negligible or very thin residual UV resist. To prove that, the
imprinted UV resist was scratched using tweezers in a small area, as shown in figure
3.5(h) and (i). As seen in figure 3.5(i) the UV resist protrusions are patterned on top of
the PMMA substrate while the thickness of the residual UV resist is negligible. This
happens due to the clamping of the thin PDMS stamp between PDMS and PMMA steps,
which causes the excessive UV resist under PDMS stamps to be pushed out in all areas
of PMMA substrate except the sharp bottom corner of substrate. In figure 3.5(j) the UV
resist patterns formed on an uneven part of the PMMA substrate are shown. Due to the
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high flexibility of the thin PDMS stamp, a conformal contact can be made even with the
uneven surface of the PMMA substrate.
Static contact angle measurements of water droplet were performed on the surface
of steps before and after 3D soft UV-NIL. The contact angle on the surface of steps
before the soft UV-NIL process was 97 ± 5° and 57 ± 4° in the direction parallel and
perpendicular to the direction of steps, respectively, showing a significantly anisotropic
behavior. After patterning microgratings perpendicular to the direction of steps, the
contact angle changes to 88 ± 5° and 89 ± 5°, respectively, resulting in a reduction in
the anisotropic contact angle behavior. As a reference, the static angle of water droplet
on pure UV resist was 61 ± 3°. The results indicate that patterning of non-planar
surfaces can be used for modifying the wetting properties of those surfaces.

3.4 Conclusions
We have developed a simple technique to produce micro- and nanostructures on
non-planar surfaces by combining a soft UV-NIL with the use of a thin, flexible stamp.
PDMS was a suitable material for the flexible stamp due to its mechanical properties,
low surface energy as well as the ability to spin-coat to form a thin layer. Due to the
flexibility of the thin PDMS stamp, a conformal contact between the PDMS stamp and
non-planar substrates could be made easily. Also, the low surface energy allows for
easy separation of the PDMS stamp during demolding. Using the thin PDMS stamp, we
have successfully demonstrated patterning of micro and nanostructures in a UV resist
layer dispensed on various non-planar substrates which include the concave surface of
PMMA, convex surface of a glass lens and PMMA steps. The results show that this
process is suitable for fabricating micro- and nanopatterns even on highly curved
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surfaces. The process so developed will add additional value to the molding
technologies in terms of patterning large area 3D structures, considering that most
micro- and nanofabrication technologies allow for patterning on planar substrates only.
However, in order to apply this technique for more versatile applications, a method to
homogeneously coat UV resists on nonplanar substrates needs to be further developed.
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CHAPTER 4. 3D MOLDING OF HEIRARCHICAL MICRO
AND NANOSTRUCTURES∗
4.1 Introduction
Most

conventional

micro/nanofabrication

techniques,

represented

by

micro/nanolithography and subsequent wet or dry etching, are essentially twodimensional (2D) methods which produce planar patterns with two different height
levels. In order to overcome 2D constraints, researchers have used techniques such as
electron beam lithography [38], focused ion beam chemical vapor deposition [97], and
two photon polymerization [118] to produce 3D patterns either arbitrarily or on nonplanar surfaces. There have also been efforts to use molding, a variety of technologies
that replicate patterns from prestructured stamps or mold inserts, in the fabrication of
3D micro/nanostructures [38, 97, 118]. One critical issue that has traditionally
prevented molding technologies from producing true 3D structures is the use of rigid
molds. Conventional molding methods with rigid molds such as nanoimprint
lithography can only produce patterns with different feature heights. Elastomeric
poly(dimethyl siloxane) (PDMS), used in soft lithography, has shown interesting
capabilities for fabricating microfluidic networks with complex topologies and for
patterning curved surfaces [19, 23, 57, 119]. The patterning of curved surfaces with
PDMS have been demonstrated in large concave substrates coated with poly(methyl
methacrylate) (PMMA) [19, 57], polystyrene (PS) coated cylindrical and spherical
substrates [23], and cylindrical surfaces of a single mode optical fiber with a 125 µm
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diameter[119]. Despit some levels of success, there is still a technological gap in the
ability to produce large area 3D patterns on arbitrarily non-planar surfaces in an
efficient way.
One type of interesting 3D structures is a hierarchical structure in which
micro/nanoscale gratings or pillars protrude from larger macro/microstructures.
Superhydrophobic surfaces that can be found in nature, e.g. lotus or elephant ear leaves,
exemplify hierarchical micro and nanostructures in which nanoscale pillars emanate
from the surface of microbumps [4, 120]. Another use for 3D patterning occurs in
microfluidic devices. Additional structures are added inside microchannels in order to
reduce the drag force of fluids flowing through the microchannels and to improve
mixing, which otherwise requires very long channel lengths and times for diffusional
mixing to occur [6, 7, 93]. Ou et al. [5, 121] reported a pressure drop reduction over
40% and an apparent slip length exceeding 20 µm when the bottom surface of a
microchannel was decorated with superhydrophobic structures, which was attributed to
the presence of the air-water interface between the liquid and superhydrophobic surface.
It is expected that microchannels decorated with superhydrophobic top, bottom and side
walls will allow for control over a broad range of the fluidic behavior. The ability to
produce micro/nanopatterns within microchannels is also important in the development
of bioanalytic micro/nanofluidic devices; such patterning allows for the manipulation of
a broader range of surface properties and thus control over surface interactions with
biomaterials flowing through the microfluidic channels.
In this chapter, we report a simple and effective process, which we name 3D
molding, that allows, by molding, for the direct integration of micro/nanostructures into
arbitrarily non-planar substrates over large area.
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4.2 Experimental
4.2.1 Fabrication of flexible PDMS stamps
A 4 inch Si master with microscale patterns was fabricated using UV-lithography
followed by subsequent reactive ion etching into Si. A thin layer of chrome with a
thickness of 1000Å was coated on Si substrate using electron beam evaporation. S1813
photoresist (Shipley company) was spin coated on Si substrate at 3000 rpm for 60
seconds. Soft baking of photoresist was done at 95°C for 2 minutes. Then, spin coated
photoresist was exposed using a conventional UV exposure system (Quintel Ultraline
7000 series mask aligner, Morgan Hill, CA) with a 1 kW broadband mercury UV lamp
through a UV filter (Kopp 9345, Kopp Glass Inc., Pittsburgh, PA) and a mask with
grating patterns with the width and period of 5 µm and 15µm, respectively. Exposed
photoresist was then developed by immersing Si substrate in Microposit 354 Developer
(Shipley company) for 1 minute, followed by hard baking at 110°C for 3 minutes and
chrome etching. A Reactive Ion Etch Series 800 Plasma System (Technics 800 Micro
RIE) was used to etch Si. SF6 and CF4 gases were used alternatively for 30 seconds and
240 seconds while the chamber pressure and power were set at 50 mTorr and 150 W.
This process was repeated for 15 times to etch Si substrate through the chrome mask.
After pattern transfer from chrome mask to Si, the chrome mask was removed in a
chrome etching solution. For elephant ear leaf structures, an elephant ear leaf was cut
with the size of 40 mm × 20 mm, pasted to a flat piece of PMMA sheet and was used as
a master for fabrication of a PDMS intermediate stamp.
For the fabrication of large area PDMS intermediate stamps a thin layer of PMMA
with thickness of 1 µm was spin-coated on the Si master at 700 rpm for 60 seconds as a
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sacrificial layer prior to the PDMS coating. But for small area PDMS stamps, this step
was not required. The PDMS elastomer used was SylgardTM 184 (Dow Corning)
which was supplied as a two-part kit: a liquid silicone rubber base (i.e. a vinylterminated PDMS) and a catalyst or curing agent (i.e. a mixture of a platinum complex
and copolymers of methylhydrosiloxane and dimethylsiloxane) [22]. Silicone rubber
base and curing agent were mixed in a 10:1 mass ratio. In order to remove air bubbles
from the mixture it was vacuumed for 20 minutes. After removing air bubbles, the
PDMS was spin coated on the Si master or leaf master at 800 rpm for 20 seconds.
PDMS on the surface of Si and leaf master were then cured at 65° C for at least four
hours in an oven and room temperature for one day respectively. Then the liquid
mixture becomes a solid, cross-linked elastomer via the hydrosilylation reaction
between vinyl (SiCH=CH2) groups and hydrosilane (SiH) groups [22]. Once PDMS was
cured, it was peeled off from the master by dissolving the PMMA sacrificial layer in
acetone or was manually removed from the master. By increasing the speed and time of
spin coating it is possible to make a thinner PDMS stamp, but due to the low thickness
of PDMS it can easily fold, making it difficult to handle the thinner PDMS stamps.
4.2.2 Patterning non-planar surfaces
Figure 4.1(a) shows the process scheme to fabricate micro and nanopatterns into a
microchannel. The brass mold was prepared using a micro milling machine (KERN
MMP2522, KERN Micro- und Feinwerktechnik GmbH & Co. KG, Germany). Brass
(353 brass alloy, Master-Carr, Atlanta, GA) was used as a mold because of its good
machinability with micromilling; also, its mechanical properties are good enough to be
used as a mold for printing polymers. Protrusions with width of 46.6±1.6, 484.0±1.0
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and 687.0±3.5 µm, depth of 151±0.4, 521.0±1.5 and 619.0±1.6 µm and length of 28, 10
and 20 mm, which are negative features of microfluidic channels were machined on the
surface of different brass substrates. Three different procedures of tapered milling, step
micromilling and backside planarization were done to make brass steps with period of
1.5 mm and depth of 0.3 mm. A thin PDMS stamp was fabricated using the process
explained previously with micropatterns on its surface. In order to transfer the pattern
from the thin PDMS stamp to microchannels, the PDMS stamp was placed face down
between a brass mold and a flat PMMA sheet. For patterning steps, PMMA was initially
printed by a brass mold and then thin PDMS stamp was sandwiched facedown between
preprinted PMMA and brass mold. Due to the self alignment properties of steps,
sandwiching of the thin PDMS stamp between the brass mold and PMMA steps can be
done easily. Then, the whole system was heated at 170°C for 10 minutes, followed by
hot embossing at 170°C for 5 minutes using a pressurized gas at 30 bar pressure.
Demolding of the brass mold was manually performed at 70°C followed by peeling off
the thin PDMS stamp from the printed pattern.
4.2.3 Characterization
Stylus profiler (contact type, Tencor Alpha-Step P11) was used to measure the
thickness of thin PDMS stamps, height of protrusions on the brass mold and depth of
3D molded microchannels. Hitachi S-3600N SEM (secondary electron, topographic
mode) was used to characterize the cross section of thin PDMS stamps, 3D molded
microchannels and the surface of the elephant ear leaf. Optical microscope (Nikon) was
used to investigate thin PDMS stamps after being used in the 3D molding process.
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Figure 4.1 Schematic illustration of (a) the 3D molding process used to integrate micro
and nanopatterns into microchannels and (b) the system used to perform 3D molding.
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4.3 Results and discussion
Figure 4.1(a) and (b) show schematics of the 3D molding process and the air
pressure system used to perform the 3D molding, respectively. The key to the process is
the use of a thin, flexible polymer film having micro/nanopatterns as an intermediate
stamp between a brass mold and a PMMA substrate during hot embossing. During hot
embossing at temperatures above the glass transition temperature (Tg) of the PMMA
substrate, the intermediate stamp, initially in contact only with the bottoms of the mold
protrusions, is pushed downward and PMMA is squeezed up and moves into the
cavities of the brass mold. Since the entire surface of PMMA is covered by the
intermediate stamp, the movement of PMMA toward cavities causes the intermediate
stamp to elongate. As a result, the intermediate stamp conforms to the shape of
structures in the brass mold while PMMA is molded to the shape of the intermediate
stamp. After molding is complete, the brass mold/intermediate stamp/substrate
assembly is cooled below Tg of PMMA and demolding is done twice; first the brass
mold and then the intermediate stamp are demolded from the PMMA substrate. Finally,
3D patterns which comprise patterns from two different stamps are obtained.
PDMS was used as the intermediate stamp because of its unique combination of
thermal and mechanical properties resulting from the networking of inorganic siloxane
backbones and organic methyl groups attached to silicon [22, 122]. PDMS has the
ability to stretch to large deformation upon compression and then spring back to its
original form upon release, and it can endure the elevated temperatures required for 3D
molding. The flexibility and low interfacial free energy (about 21.6 dyn/cm) [22] of
PDMS help to peel it from the substrate after 3D molding without damage to the
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molded patterns, including even the patterns protruding from the sidewalls. In addition,
the ability to spin-coat a thin PDMS layer allows for easy control of the thickness of the
intermediate stamp, which is a key factor for 3D patterning.
Intermediate PDMS stamps were fabricated by spin-coating PDMS pre-solutions on
a micropatterned Si master fabricated using UV photolithography and subsequent
reactive ion etching. After curing, the PDMS layer was released by peeling from the Si
master. PDMS stamps with various thicknesses can be produced by changing the time
and speed of spin coating. A stamp thickness of 109.0 ± 5.0 µm was used to ensure easy
handling of the stamps and that they are thin enough relative to the mold patterns to
easily conform to the mold. Figure 4.2(a) shows a photograph of a large area PDMS
stamp of 4 inch diameter fully covered with 14.6±0.2 µm period gratings. Figure 4.2(b)
shows SEM picture of its cross section. The width and depth of the gratings in the
PDMS stamp were 11.4±0.6 and 5.9±1.0 µm respectively. The fabrication of large area
intermediate stamps is critically important to the versatility of the 3D molding process.
For example, it may be necessary to cover large portions of microfluidic channels with
micro/nanostructures to enable modification of the flow behavior or surface interactions
with biomaterials flowing through the channels.
Using the previously described PDMS stamp and various microscale brass molds,
3D molding, the process shown in figure 4.1(a), was performed into PMMA substrates
at 170°C and 30 bar for 5 min. Example scanning electron micrographs for the 3D
molded PMMA patterns are shown in figure 4.3. 3D molded micrograting patterns are
formed both: inside microfluidic channels (figure 4.3(a)) and on millisteps with period
and depth of 1.5 mm and 300 µm, respectively (figure 4.3(b)). Demolding is usually a
critical issue for the success of any molding-based technologies, but it can be done
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relatively easily in the 3D molding process due to reduced adhesion at both brass
mold/PDMS and PDMS/PMMA interfaces. Demolding was performed at 70°C, a
temperature lower than the glass transition temperature of PMMA, to ensure the
embossed PMMA pattern is not deformed. Clean separation of the thin PDMS stamp
from molded PMMA substrate was achieved without using any anti-adhesive agent.
In the 3D molded patterns shown in figure 4.3, a dimensional change in the period of
the gratings in channel sidewalls and bottoms with respect to that of the PDMS stamp
was observed. During the 3D molding process, the thin PDMS stamp stretches due to
compression by the protruded structures of the brass mold, resulting in deformations in
the small micro/nanostructures in the PDMS stamp. The elongation of the PMDS
intermediate stamp seems to be unavoidable in 3D molding but could be reduced by
using elastomeric materials with less elongation such as hard-PDMS. It is also
noticeable that the edges of 3D molded channels and steps become rounded relative to
the sharp edges of the microchannels and steps in the brass molds fabricated by
micromilling, which occurs due to the bending of the flexible PDMS on the sharp edges
of brass mold. The degree of the roundness at the edges of 3D molded PMMA is
determined by interplay between the thickness and elongation of the PMDS
intermediate stamp with respect to the dimensions of the micro and mini structures in
the brass mold.
In order to investigate the filling of PMMA during the 3D molding process with
respect to the dimensions of the brass mold structures and the thickness of the PDMS
intermediate stamp, 3D molding was performed with two brass molds having different
dimensions of microstructure protrusions: the first with width of 484.0±1.0 µm and
depth of 521.0±1.5 µm and the second with width of 46.6±1.6 µm and depth of
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151.5±0.4 µm. 109.0±5.0 µm thick PDMS intermediate stamps with gratings of 15 µm
period and identical embossing conditions of 170 °C and 30 bar were used for those
experiments. The first system represents the case where the depth and width of
structures in the brass mold are significantly larger than the thickness of the PDMS
stamp, while in the second system the depth and width of the brass mold protrusions are
comparable to the thickness of the PDMS stamp. Figure 4.4 shows cross-sectional SEM
images for the two 3D molded PMMA samples.

Figure 4.2 (a) Photograph and (b) crosssectional SEM images of 4 inch thin PDMS stamp.
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Figure 4.3 (a) 3D molded micrograting patterns formed (a) inside microfluidic channels
and (b) on microsteps.
For both cases, microscale gratings were formed inside microchannels, but the cases
differed regarding the shape of the microchannels with respect to that of the protrusions
in the brass molds. When the size of the protrusion in the brass mold is significantly
larger than the thickness of the PDMS stamp (figure 4.4(a)), vertical sidewalls were
formed, with rounded top and bottom corners. The radius of curvature of the top and
bottom corners was ~ 24 and 147 µm, respectively. This indicates that the PDMS
intermediate stamp almost fully conforms to the recessed corners of the protrusion in
the brass mold. As both the PMMA and PDMS are squeezed out to fill the cavities of
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brass mold, the stretched PDMS will act as resistance to the PMMA filling due to its
hyper-elastic behavior at large deformation (i.e. stress increases with strain). The
channel height of 499.0±2.0 µm, smaller than the height of the mold structure
(521.0±1.5 µm) also accounts for the stretching of the PDMS stamp during 3D molding.
The periods of the microgratings formed in the channel, indicative of the degree of local
stretching of the PDMS stamp, were 20 µm, 27 µm and 20µm, for side walls, corners
and bottom of channels (figure 4.4(a)) which corresponds to 33%, 80% and 33% local
strain of PDMS respectively while total strain of PDMS stamp inside the channel was
35%. The results show that stretching of PDMS occurs at all sides of the microchannel
but is most significant at the corners. However, if the depth of the structures is too large
compared to the thickness of PDMS stamp, we observed that the PDMS stamp tears
during molding and remains in the channel after 3D molding.
The situation is different when the size of the patterns in the brass mold is
comparable to the thickness of the PDMS intermediate stamp. Despite the large pressure
applied during the hot embossing process (30 bar), PMMA under the protrusion of the
brass mold cannot be squeezed out enough to fill the mold cavities completely because
of damping of the pressure by the PDMS layer. Therefore, the 3D molded channels
shown in figure 4.4(b) are formed. The depth of the channels was 136.0±1.0 µm, which
was again less than the height of protrusion on the brass mold (151.5±0.4 µm). In this
case, however, PDMS stretches most in the bottom of the microchannel, as evidenced
by the measured periods of 18 and 26 µm for the sidewall and bottom patterns which
corresponds to 20% and 73% local strain of PDMS stamp respectively. The total strain
of PDMS stamp inside the channel was 28 %. The schematics of mold filling for the
two cases are included in figure 4.4. The discussion on the mold filling clearly indicates
50

that applicability of the 3D molding process is limited by the relative geometries of the
brass mold structures to those of the PDMS intermediate stamp. Thus, the size (width
and depth) of brass mold structures can be further reduced by using thinner PDMS
stamps. Considering that PDMS layers with thickness less than 100 nm can be produced
by spin-coating process, it may be feasible to produce hierarchical nanostructures
containing sub-100 nm features on sub-micron structures. For that, it is necessary to
develop processes to better handle very thin PDMS stamps including: uniformly placing
PDMS stamps on substrates and peeling off the PDMS stamps from the PMMA
substrate after 3D molding.
It is also noteworthy that the large elongation ability (or softness) of PDMS limits
aspect ratios of micro/nanostructures that can be formed in PDMS intermediate stamps.
When the aspect ratio is too high or too low, the elastomeric character of PDMS will
cause the microstructures in PDMS to deform or distort and generate defects in the
pattern [22].
Since PDMS intermediate stamps experience significant deformation during 3D
molding, it is interesting to see if there is a dimensional change in the stamp structures
after 3D molding. Figure 4.5 shows optical micrographs of a PDMS stamp that was
once used in 3D molding of micrometer scale channels. A color change is seen along
the locations contacted by the sharp edges of the brass mold during 3D molding, which
is accounted for by a local change in the thickness of the PDMS intermediate stamp.
However, the high magnification image in figure 4.5 shows that all the microgratings in
the PDMS stamp survived and also that the change in the width of microgratings in the
region of color change is unnoticeable. This means that the local change in the
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PDMS

thickness is not significant. Thus, the PDMS intermediate stamp could repeatedly be
used in the 3D molding process.
After demonstration of the concept of 3D molding using microgratings, we also
examined the feasibility for nanopatterning inside microchannels. We used hierarchical
micro and nanostructures existing in a superhydrophobic elephant ear leaf surface as a
master for creating large area PDMS intermediate stamps. Figure 4.6(a) shows SEM
images for those structures. 3D molding was performed into PMMA with a brass mold
with protrusions of 619.0±1.6 µm depth and 687.0±3.5 µm width. The 3D molded
structures are shown in figure 4.6(b). Overall, the same behavior was observed as the
one shown in figure 4.4(a), namely largest stretching or deformation of PDMS occurs at
the corners of microchannels. Accordingly, the elephant ear leaf structures were
flattened to some extent. For the sidewall and bottom structures, the replication fidelity
seems to be quite good. But it can also be observed that the nanoscale roughness
existing on microbumps is slightly reduced, which is also attributed to the deformation
of PDMS during 3D molding. The reduced nanoscale roughness can easily be recovered
by exposing the 3D molded PMMA to oxygen plasma which is known to produce
nanoscale roughness for polymer substrates. Nevertheless, our results indicate that 3D
molding is an effective tool to replicate various 3D structures, including structures
protruded from non-planar surfaces and those that mimic naturally existing structures.
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Figure 4.4 Cross-sectional SEM images and schematics of mold filling for 3-D
molded PMMA samples. The depth and width of structures in the brass mold are
(a) significantly larger than (b) comparable to the thickness of the PDMS stamp.

Figure 4.5 Optical micrographs of a PDMS stamp after being used in 3-D molding
of micrometer scale channels.
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Figure 4.6 (a) SEM image of an elephant ear leaf surface used as a master for
creating large area PDMS intermediate stamps. (b) 3-D integration of the copied leaf
structures into a microchannel.

4.4 Conclusions
The 3D molding process was developed by taking advantage of the combination of a
hard mold hot embossing process with a stretchable PDMS polymer used often for soft
lithography. 3D molding allows for the low cost production of large area hierarchical
structures where micro/nanopatterns emanate from non-planar structures, overcoming
2D limitations that most existing micro/nanofabrication techniques have. Broad
applications of the 3D molding process are envisioned, where the fabrication of
hierarchical structures is required for the modification of surface properties. These
include micro/nanofluidics, bioanalytic devices, and photonic crystals. Following the
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increasing efforts to use naturally-existing structures to enhance device performances,
e.g. use of the colorful wing structures of the Papilio blumei butterfly to enhance optical
properties [123] or superhydrophobic structures to modify surface interactions, another
potential application of 3D molding is to mimic naturally existing structures and
integrate those structures into devices or systems in 3D. For microfluidic applications of
3D molding, the technique to bond a cover plate needs to be developed due to the
additional structures existing on the 3D molded surfaces. However, it seems to be
feasible by controlling the amount of pressure and temperature in thermal bonding
process.
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CHAPTER 5. DEFORMATION BEHAVIOR
IN 3D MOLDING: EXPERIMENTAL AND

SIMULATION STUDIES∗
5.1 Introduction
With current advances in device miniaturization, the need for developing techniques
which allow fabrication of three dimensional (3D) structures at low cost and with high
throughput is increasing. The 3D features are very desirable for applications such as
microfluidic devices [2] and photonic crystals [26]. In microfluidic devices, in particular,
the ability to integrate micro/nanostructures into a microfluidic channel will allow for
manipulation of a broader range of surface-flow or surface-(bio)molecule interactions
[2, 5-7, 10, 91-93, 121]. A microchannel decorated with superhydrophobic structures on
its bottom surface shows a decreased pressure drop in fluid flow [5, 121] while
microridges on the bottom of a microchannel help stretch and fold fluid elements, thus
improving their mixing [6, 7, 93]. Integrating nanostructures inside a microfluidic
channel can also improve biomolecule loading capacity in microfluidic systems due to
the increased surface area [2, 10, 91, 92]. A microfluidic immunosensor chip whose
bottom surface was patterned with the positive replica of lotus leaf surface structures
shows a five-times decrease in the detection limit compared to the conventional
microfluidic chip with flat channel walls [2]. Similar examples can be found in the
interactions of enzymes [91], DNAs [92], and cells [10] with microchannel walls. In all
of those examples only the bottom surface of a microfluidic device was patterned.

∗

Reprinted from Journal of Micromechanics and Microengineering with permission
from IOP.
56

Therefore, it is expected that microchannels decorated with structures on top, bottom as
well as side walls allow for a better control over surface interactions with flow and
(bio)molecules.
Most

conventional

micro/nanofabrication

techniques,

represented

by

micro/nanolithography and subsequent wet or dry etching, are essentially twodimensional (2D) methods, which produce planar patterns with two different height
levels. In an effort to overcome the 2D constraint of those technologies, researchers
have used techniques such as electron beam lithography [38], focused ion beam
chemical vapor deposition [97], two photon polymerization [118] interference
lithography [26] and microthermoforming of pre-processed polymer films [124-127]
to produce 3D patterns. However, most of those techniques are expensive, time
consuming and do not have the capability to fabricate 3D patterns over a large area.
Molding techniques that replicate patterns from pre-structured stamps or mold
inserts have also been used in the fabrication of 3D micro/nanostructures [38, 97, 118].
One critical issue that has prevented molding technologies from producing true 3D
structures is the use of rigid molds. Due to unidirectional path of demolding, structures
protruded from sidewalls or with undercuts can be damaged during demolding.
Conventional molding methods with rigid molds such as nanoimprint lithography can
only produce patterns with different feature heights. Previously, it has been shown that
molding structures with undercut is possible if one of the components of the molding,
mold insert or molded part, has elastic properties [24, 25]. In this case, demolding can
be done with reversible elastic deformation of the elastic mold insert or molded part and
consequently 3D structures can survive after demolding. Elastomeric poly(dimethyl
siloxane) (PDMS) often serves as the material for elastic mold inserts or stamps and has
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shown interesting capabilities for fabricating complex topologies and for patterning on
curved surfaces [19, 23, 57, 119].
Previously we have shown a simple and effective process to produce large area,
hierarchical 3D micro and nanostructures via a modified hot embossing process, which
we named 3D molding [128]. In 3D molding, a thin polydimethylsiloxane (PDMS)
intermediate stamp with micro/nanostructures on its surface is placed between a
polymer substrate and a brass mold with larger microstructures for conventional hot
embossing process. Taking advantage of both a hard brass mold from hot embossing
and the flexibility of a thin intermediate PDMS stamp from soft lithography, 3D
molding allows transferring micro/nanostructures in the thin intermediate stamp to
polymer substrate along the arbitrary surface of microstructures replicated from the
brass mold. Despite successful demonstration of various hierarchical structures,
stretching of the intermediate PDMS stamp, which inevitably occurs in the 3D molding
process, causes a deviation in the dimensions of 3D molded microchannels from those
in the brass mold protrusions and intermediate PDMS stamp structures. Therefore,
understanding of the deformation behavior involved in the 3D molding process is a
critical step towards the extension of this technique to a variety of applications, which is
the goal of this paper.
In this chapter, we show through both experiments and numerical simulation how
the 3D molded PMMA substrate and intermediate PDMS stamp are deformed during
the 3D molding process. A parametric study on the effect of height, period and aspect
ratio of brass mold protrusions and thickness of the intermediate PDMS stamp on the
replication fidelity of the 3D molded structures and the strain
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behavior of

the

intermediate PDMS stamp has been carried out. Through this study, the limitations and
design guide of the 3D molding technique were explored.

5.2 Experimental
5.2.1 Fabrication of flexible PDMS stamps
A 4 inch Si master with microscale gratings was fabricated using photolithography
and subsequent reactive ion etching into Si. The width, depth and period of the Si
master structure were 3.4 ± 0.3, 5.8 ± 0.9 and 14.6 ± 0.3 µm respectively, as measured
by atomic force microscopy. For the fabrication of large area intermediate PDMS
stamps a thin layer of PMMA with thickness of 1 µm was spin-coated on the Si master
at 700 rpm for 60 seconds as a sacrificial layer prior to the PDMS coating. The PDMS
elastomer used was Sylgard 184 (Dow Corning), which was supplied as a two-part kit: a
liquid silicone rubber base and a catalyst or curing agent. Silicone rubber base and
curing agent were mixed in a 10:1 mass ratio. In order to remove air bubbles from the
mixture it was vacuumed for 20 minutes. After removing air bubbles, the PDMS was
spin coated on the Si master at 800 or 1600 rpm for 20 seconds. PDMS on the surface
of Si was then cured at 65°C for at least four hours in an oven. Once PDMS was cured,
it was peeled off from the master by dissolving the PMMA sacrificial layer in acetone.
The width, depth and period of microgratings in the intermediate PDMS stamp were
11.4 ± 0.6, 5.9 ± 1.0 and 14.6 ± 0.2 µm respectively. The thicknesses of intermediate
PDMS stamps spin coated at 800 and 1600 rpm for 20 seconds were 109.0 ± 5.0 µm
and 54.0 ± 3.0 µm, respectively.
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5.2.2 Fabrication of brass molds
Brass (353 brass alloy, McMaster-Carr, Atlanta, GA) was used as mold material.
The brass molds were prepared using a micro milling machine (KERN MMP 2522,
KERN Micro- und Feinwerktechnik GmbH & Co. KG, Germany). The thickness and
diameter of brass molds used were 5 mm and 12 cm, respectively. To investigate the
effect of period of brass mold protrusions on the 3D channel geometry two brass molds
were prepared. In both of them four groups of parallel protrusions were machined. The
width and length of all protrusions were 50 µm and 28 mm respectively and the periods
of them were 450, 650, 850 and 1050 µm. In one of the molds the height of all
protrusions was 150 µm and in the other one it was 200 µm. To investigate the effect of
aspect ratios (i.e. height to width ratio) of the brass mold protrusions on the 3D channel
geometry three brass molds were machined to have 5 parallel protrusions on each mold
with the length of 28 mm and aspect ratios of 4, 2, 1, 0.5 and 0.25. The height of
protrusions on the first brass mold was 150 µm while it was 300 and 500 µm on the
second and third molds respectively. The distance between each two adjacent
protrusions was 1 cm.
5.2.3 Fabrication of 3D channels
Figure 5.1(a) and (b) shows the process scheme and conditions for 3D molding to
fabricate microgratings from the PDMS intermediate stamp along the surface of larger
microchannels. The PDMS intermediate stamp was placed face down on the surface of
a 3 mm thick flat PMMA substrate and then a brass mold was placed on top of the
PDMS intermediate stamp. Then, the whole system was heated at 170°C for 10 minutes,
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followed by hot embossing at 170°C for 5 minutes by applying a pressurized
gas at 30 bar. Demolding was carried out in two steps: demolding of the brass mold was
manually performed at 70°C, which was followed by peeling off the thin PDMS stamp
from the 3D molded PMMA substrate.

Figure 5.1 Schematic illustration of (a) the 3D molding process used to integrate
micropatterns into microchannels and (b) 3D molding conditions.
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5.2.4 Characterization
An Agilent Technologies 5500 atomic force microscope (AFM) was used to
measure the size of microstructures on the Si master and PMDS intermediate stamp. A
stylus profilometer (contact type, Tencor Alpha-Step P11) was used to measure the
thickness of intermediate PDMS stamps, dimensions of brass mold protrusions and
depth of 3D molded channels. Hitachi S-3600N scanning electron microscope (SEM)
(secondary electron, topographic mode) was used to characterize the 3D channels.

5.3 Numerical simulation of the molding stage
In order to better understand the strain distribution and deformation in the 3D
molding process numerical simulation on the molding stage was also performed using
commercial finite element software ANSYS 12.1. Figure 5.2 shows the element mesh
grid and boundary conditions for the finite element model used. The 2D model consists
of a brass mold with a protrusion, an intermediate PDMS layer and a PMMA substrate.
The bulk of the brass mold was 2.7 mm wide and 1 mm thick. In order to investigate the
effect of the protrusion size, three different protrusions with varying heights and widths
were modeled on the brass mold bulk. The height: width of the protrusions were 300 :
75 µm, 300 : 300 µm and 500 : 150 µm, respectively. The intermediate PDMS layer
was 100 µm thick and 2.7 mm wide. Incorporation of microgratings in the PDMS layer
was neglected for the sake of simplicity. PMMA substrate was 1.5 mm thick and 2.7
mm wide. Brass mold, PDMS and PMMA were all constrained in X direction along the
edges to account for the case where the modeled structure is repeated to the left and
right side infinitely. Thus the deformation at the right and left boundary is symmetric
and there is no net X direction deformation. PMMA was also constrained in Y direction
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at the bottom to account for the stationary plate on which it was placed. The interfaces
between components were modeled by slip-allowed contact elements. A uniform
pressure of 30 bar identical to that of the experiments was then applied on the very top
edge of the brass within a 10 second period at 170°C.

Figure 5.2 The geometry, boundary conditions and the grid used for the finite element
simulation of the imprinting stage of 3D molding. Brass mold, PDMS and PMMA were
all constrained in X direction along the edges to account for the case where the modeled
structure is repeated to the left and right side infinitely. Thus the deformation at the
right and left boundary is symmetric and there is no net X direction deformation. The
PMMA was also constrained in Y direction at the bottom to account for the stationary
plate on which it was placed.
The brass mold was modeled as a fully elastic material with a Young’s modulus of
110 GPa [129]. PMMA and PDMS were both considered to be hyperelastic since the
ANSYS software allows use of a single material model for both materials. Even though
a viscoelastic model is known to be more suited for PMMA, the use of a hyperelastic
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model should not introduce large errors as long as there are no temperature variations
(as in our simulation) and this will not change the overall trends in its strain and
deformation behaviors. Hyperelasticity was modeled with a two parameter constitutive
equation derived by Mooney and Rivlin [130, 131] in which the strain density energy is
expressed as:
!

W = C!" I! − 3 + C!" I! − 3 + ! (J − 1)!

(1)

where W is the strain energy, I1 and I2 are first and second deviatoric strain
invariants, C10 and C01 are the materials constants characterizing the deviatoric
deformation, d is the incompressibility parameter and J is the determinant of the
deformation gradient tensor. J is equal to 1 for incompressible materials used in this
study and thus the last term in Equation (1) becomes zero. C10 and C01 can be
approximated by the following expressions relating them to the Young’s modulus (E)
[132]:
C01 = 0.25 C10

(2)

6 (C10 + C01) ≈ E

(3)

While Young’s modulus of the brass mold does not change much at the imprinting
temperature, Young’s modulus of polymers is highly dependent on temperature.
Therefore, in order to find its value for PMMA and PDMS at the imprinting
temperature we resorted to the literature. In order to calculate C10 and C01 parameters
for PMMA we referred to a study done by Worgull et al. [133]. Based on their dynamic
mechanical analysis data, at a temperature of 170°C and a frequency of 0.1 Hz PMMA
has an E equal to 1.6 MPa while it has a value close to 3 GPa at room temperature. It is
worth mentioning that while imprinting was done at a temperature much above the glass
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transition temperature (Tg) of both PMMA (around 95°C) and PDMS (around -125°C),
they show different deformation behaviors.
Deformation of PMMA as a thermoplastic above its Tg occurs through the slide of
its chains on each other. Such a deformation will be made easier by a rise in temperature
due to an increased free volume and easier slide of the chains [134]. However, an
elastomer such as PDMS will behave differently. In PDMS the crosslinks prevent the
slide of polymeric chains and, therefore, even above its Tg deformation occurs by
uncoiling the polymeric chains. The uncoiling of the chains causes the entropy of the
chain to decrease and does not influence the internal energy. Once the external force is
removed and in order to increase its entropy to lower the overall free energy, the chains
will coil up again. This type of deformation is called entropy-elastic state. When
temperature increases, the increase in internal energy has to be counteracted by an
increase in entropy to reach energy equilibrium [134]. Increased entropy in turn means a
larger tendency for the chains to coil up. Therefore, as thermodynamically laid out in
[135], the elastic modulus of an elastomer actually linearly increases with temperature:
!

E = ! k. T. ρ!

(4)

where E is the elastic modulus, k is the Boltzmann constant, T the temperature and ρk
the degree of cross-linking.
The softening behavior of PMMA and hardening of PDMS with a rise in
temperature is in fact the reason we could imprint PMMA using a PDMS stamp which
is a softer material at room temperature. To extract the Young’s modulus of PDMS we
referred to a study by Schneider et al. [136]. Their study shows that the Young’s
modulus of PDMS reaches almost 3.5 MPa at 170°C and in fact becomes larger than
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that of PMMA heated to the same temperature. Young’s moduli as well as deviatoric
strain parameters for both materials are presented in Table 5.1.
Table 5.1 Materials parameters at 170oC found in the literature.
Properties
Young’s modulus (MPa)
C01*
C10*
Poisson’s ratio
Density (kg/m3)

PMMA
1.6 [133]
0.53×105
2.13×105
0.45[136]
1000

PDMS
3.5 [136]
1.16×105
4.66×105
0.45[136]
1000

Brass
110×103 [129]
0.30
8500

*Calculated from Eqs. 2 and 3.
Since the exact evolution of the Young’s moduli and coefficients of thermal
expansion for both PDMS and PMMA were not readily available, the simulation was
performed only at the molding stage, not the subsequent cool-down stage. Cooling
down from the molding temperature will create symmetric stresses with respect to the
center line of the model and therefore will not change the general strain distribution
contour. This, however, can be the reason for the slight discrepancy between
experimental and simulation results.

5.4 Results and discussion
The key to the 3D molding process is the use of a thin, flexible PDMS film having
micro/nanopatterns as an intermediate stamp between a brass mold and a PMMA
substrate during hot embossing. During 3D molding at temperatures above its Tg,
PMMA is pushed into cavities of the brass mold while its surface is covered by the thin
intermediate PDMS stamp. As a result, PDMS elongates to conform to the shape of
structures in the brass mold while PMMA is molded to the shape of the intermediate
PDMS stamp. The elongation of the thin intermediate PDMS stamp between the brass
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mold and PMMA substrate during molding step is inevitable and, as a result, the
dimensions of the integrated small patterns in the 3D molded PMMA are changed
compared to those of the patterns in the original intermediate PDMS stamp. The
dimensional change in the integrated small patterns, in other words, the extent of the
elongation of the PDMS intermediate stamp is affected mostly by the dimensions of the
large brass mold structures. Therefore, it is of practical importance to study the effect of
the dimensions of brass mold structures on the dimensions of the 3D molded patterns in
order to define the limitation of the 3D molding process. Among various dimensional
parameters, we investigated the effect of height, period, and aspect ratio of the brass
mold protrusions.
To investigate the effect of the height and period of brass mold protrusions on the
3D molded channel formation, parallel protrusions with periods of 450, 650, 850 and
1050 µm were used with dimensions previously mentioned in the experimental section.
An intermediate PDMS stamp with a thickness of 109 µm was used for the experiments.
Figure 5.3 (a)-(c) shows cross sectional SEM images of the 3D molded channels made
from three different brass molds. The molds for Figure 5.3(a) and (b) have the same
height and width (150 and 50 µm respectively) yet different protrusion periods of 450
and 1050 µm, respectively. Figure 5.3(c) is representative of a brass mold with
protrusions of 200 µm in height, 50 µm in width and 1050 µm in period. For all cases
microgratings from an intermediate PDMS stamp were integrated into the
microchannels without the PMDS stamp being torn. However, due to the elongation of
the PDMS stamp during 3D molding, the patterns inside the channels are elongated as
well. This elongation, however, is not uniform. The total strain of PDMS inside each
channel, defined as et = (L2 –L1)/ L1, can be calculated by measuring the sum of pitches
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for microgratings inside each channel, L2, and the sum of the period of microgratings on
PDMS stamp before elongation, L1, which is equal to (n - 1) × 14.6 µm, where n is the
number of microgratings integrated inside each channel. Using this approach, the total
strain of PDMS inside each channel was experimentally obtained and is shown in figure
5.3(d). For the 3D channel in figure 5.3(a), which corresponds to the brass mold
protrusions with 150, 50 and 450 µm in the height, width and period, respectively, the
total strain of PDMS inside the 3D molded channel is 41 ± 3%. For the brass mold with
identical width and height of protrusions but a larger period (1050 µm), however, total
strain decreases to 30 ± 2 %. Increasing the protrusion height while keeping the width
and period unchanged increases the total strain of the intermediate PDMS layer. For
protrusions with different periods of 450 and 1050 µm but with the same height of 200
µm, the total strain of PDMS is 54 ± 3 % and 33 ± 3 % respectively. Therefore,
increasing the height and decreasing the period of brass mold protrusions can lead to
higher total strain of the PDMS stamp and consequently higher distortion of the
imprinted structures inside channels.
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Figure 5.3 Cross sectional SEM images of 3D channels in PMMA when the height,
width and period of brass mold protrusions used are (a) 150, 50 and 450 µm, (b) 150, 50
and 1050 µm and (c) 200, 50 and 1050 µm respectively. (d) The total PDMS strain as a
function of mold protrusion period. The width of protrusions and thickness of PDMS
are 50 and 109 µm respectively.
In order to investigate the effect of aspect ratio of brass mold protrusions on the
geometry of 3D molded channels, brass mold protrusions with different aspect ratios
(height/width ratio) of 4, 2, 1, 0.5 and 0.25 for different protrusion heights of 150, 300
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and 500 µm were used. Also, two different intermediate PDMS stamps with thicknesses
of 54 and 109 µm were employed. Figure 5.4(a) shows the cross sectional SEM images
of the 3D molded PMMA channels fabricated by using brass molds with different
aspect ratios of 4, 2, 1, 0.5 (from left to right) when the height of protrusions is 150 µm
and the thickness of the PDMS intermediate stamp is 54 µm. For Figure 5.4(b), (c) and
(d), brass molds with different protrusion heights of respectively 150, 300 and 500 µm
and a 109 µm thick PDMS stamp were used. For all cases microgratings were
successfully integrated inside the channels without the PDMS stamp being damaged.
Figure 5.4(e) shows a magnified SEM image for the 3D molded channel marked in
Figure 5.4(c) with a white frame where the width and depth of the brass mold protrusion
are 150 and 300 µm, respectively, and the thickness of the PDMS stamp is 109 µm. The
image clearly shows that the elongation of the PDMS stamp during the 3D molding is
not uniform along the periphery of the 3D molded microchannel and the maximum
strain of PDMS stamp occurs in the corners of the 3D channel.
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Figure 5.4 Cross sections of 3D molded channels when the aspect ratios of brass
mold protrusions are 4, 2, 1, 0.5 from left to right. Protrusion height and
thickness of PDMS are respectively (a) 150 and 54 µm (b) 150 and 109 µm (c)
300 and 109 µm (d) 500 and 109 µm. (e) The magnified cross section of a 3D
channel marked in (c) with a frame where the width and depth of brass mold
protrusion are 150 and 300 µm respectively and thickness of PDMS is 109 µm.

Using the SEM images shown in Figure 5.4, we plotted the aspect ratio of 3D
molded microchannels versus the aspect ratio of brass mold protrusions, which gives
information on the replication fidelity of the large brass mold structures during 3D
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molding. This is shown in Figure 5.5(a). As seen, the aspect ratio of the 3D molded
channels is always less than the aspect ratio of the corresponding brass mold protrusions,
which is dominantly due to the presence of the intermediate PDMS stamp. For the same
protrusion height, the aspect ratio of the 3D molded channels decreases more as the
aspect ratio of the brass mold protrusions increases (or as the protrusion width
decreases). For the same aspect ratio of the brass mold protrusion, the decrease in the
aspect ratio of the 3D molded channel becomes more significant with decreasing the
height of the brass mold protrusion. This is understandable because a width twice the
thickness of the elongated PDMS is added for the 3D molded channel while the
dimensional change in the height is not significant due to the similar thickness of PDMS
on the top and bottom of the brass mold protrusion. Therefore, for a brass mold
protrusion with the width a and depth b, the aspect ratio of the 3D molded channel can
ideally be written as b/(a+2t) = (b/a)/(1+2/(a/t)) = (b/a)/(1+2(b/a)(t/b)), where t is the
thickness of the elongated intermediate PDMS stamp at the protrusion sidewall. This
shows that the variation of the aspect ratio during 3D molding is a function of a
dimensionless unit of a/t or t/b. Theoretical curves calculated from the formula were
added to Figure 5.5(a), which is in a good agreement with the experimental data.
In Figure 5.5(b), all the data were re-plotted for the variation of the aspect ratio
during 3D molding versus mold protrusion width / thickness of intermediate PDMS
stamp, a/t. The thickness of initial intermediate PDMS stamp was used since the
thickness of elongated PDMS stamps at the protrusion sidewall is unknown and may
slightly vary depending on the dimensions of mold structures. We found all the data
points shown in Figure 5.5(a) collapse into a single curve, which matches well with the
theoretical curve calculated by 1/(1+2/(a/t)). The results also show the aspect ratio of
72

3D molded channels can be controlled by either the width of the brass mold protrusion
or the thickness of the intermediate PDMS stamp according to Figure 5.5(b). By
increasing the ratio of the width of brass mold protrusion to the thickness of the PDMS
stamp, the ratio of the aspect ratio of 3D molded channel to the aspect ratio of brass
mold protrusion becomes closer to 1.
The local strain of the intermediate PDMS stamp inside each channel,
el = (l2 – l1)/l1 , indicative of the replication fidelity of the small microgratings replicated
from the intermediate PDMS stamp, can also be calculated by measuring the pitch
size of two adjacent microgratings in a specific point inside a channel, l2, and the period
of microgratings on PDMS stamp before elongation, l1, which is equal to 14.6 µm. Even
though the local strain varies with the location along the periphery of the 3D molded
channel, we use the value taken from the bottom center of each 3D channel for
comparison. This is shown in figure 5.6(a) as a function of the aspect ratio of brass
mold protrusions for various heights of mold protrusion and thicknesses of the PDMS
stamp. When we re-plotted the local PDMS strain as a function of the ratio of the width
of the mold protrusion to the PDMS stamp thickness, a/t, all the curves again collapsed
into a single curve. This is shown in Figure 5.6(b). According to Figure 5.6(a), at a
given height of brass mold protrusion and thickness of PDMS stamp, the local strain of
the PDMS structures increases with increasing aspect ratio of the brass mold protrusion,
which implies that good replication fidelity of the small gratings can be achieved for 3D
molded channels with low aspect ratio. However, when comparing the local strain at a
given aspect ratio of the brass mold protrusion and thickness of the intermediate PDMS
stamp, different behaviors are observed. At low mold protrusion aspect ratios (AR =
0.25 – 2), the local strain on the bottom center of the 3D molded channel becomes
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smaller as the mold protrusion height increases. It is vice versa when the aspect ratio
increases to 4. The results indicate that there are different local strain behaviors
depending on dimensions of the brass mold protrusion, which will be discussed next
with the help of numerical simulation results.
In order to better understand the deformation behavior of the 3D molded patterns a
finite element simulation was performed for the molding stage. Three different sizes of
brass mold protrusions were simulated. The protrusions were 300 × 75, 300 × 300 and
500 × 150 µm2 in height × width. Figures 5.7(a) and (b) show the first principle strain
contour for 300 × 75 and 300 × 300 µm2 brass mold protrusions. The contours are
obtained after a pressure of 30 bar is applied on the brass mold at 170°C. For
comparison with experimental results, the maximum local first principle strain values
inside the PDMS layer close to interface of PDMS and PMMA were plotted in Figure
5.6(a). Since micropatterns are embedded in the PDMS (not simulated), we believe the
deformation of PDMS can account well for the deformation of patterns. Furthermore, at
the imprinting temperature PDMS is more rigid than PMMA and therefore the
deformation of the integrated micropatterns are determined by the deformation of
PDMS itself.
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Figure 5.5 (a) Aspect ratio of 3D channel as a function of aspect ratio of brass mold
protrusion.(b) The ratio of the aspect ratio of the 3D channel to the aspect ratio of brass
mold protrusion as a function of the ratio of the width of brass mold protrusion to the
thickness of the PDMS stamp.
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Figure 5.6 (a) Local PDMS strain in the bottom center of the 3D channel as a function
of the aspect ratio of the brass mold protrusion. (b) local PDMS strain in the bottom
center of the 3D channel versus the ratio of the width of brass mold protrusion to the
thickness of PDMS stamp.
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Figure 5.7 Finite element simulation results for polymer deformation.
First principle strain contour for; (a) 300×75 µm2 and
(b) 300×300 µm2 brass mold protrusion size.
Given the fact that only the imprinting stage was modeled and the cool-down after
imprinting was not modeled due to the lack of detailed materials information, the
magnitude of the maximum strain shows a fairly good agreement with the experimental
data. For the protrusions with higher aspect ratios (300 × 75 and 500 × 150 µm2), strain
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concentration occurs at the very bottom of the channels. However, for the 300 × 300
µm2 protrusion (aspect ratio 1) strain is mainly concentrated at the corners of the
channel instead of the center. The magnitude of strain at the corners is 61% compared to
almost 26% strain in the bottom center of the channel. The amount of strain in the
corners and bottom center of the channel measured through experiments were 63% and
30% respectively which is in a good agreement with simulation results. In fact, due to
the stress concentration at the edge of brass mold protrusion during 3D molding process
the largest strain of PDMS stamp occur at the edges of the protrusion. By decreasing the
width of brass mold protrusion the strain fields at the edges of brass mold protrusion
will be closer to each other and can cause higher PDMS elongation in the bottom center
of the channel. Therefore, at a given height of protrusion by increasing the aspect ratio
of protrusion, or in other words decreasing the width of protrusion, the local PDMS
strain in the bottom of the channel increases. Such different local strain behaviors can
explain the different dependence of local strain on mold protrusion height at different
mold protrusion aspect ratios, which was observed in Figure 5.6(a).

5.5 Conclusions
The 3D molding process which allows integration of small micro/nanostructures
inside large microchannels was performed by taking advantage of the combination of a
hard mold from hot embossing process with a stretchable PDMS polymer often used in
soft lithography. We found that the dimensions of the brass mold structures
significantly affect the strain behavior of PDMS stamp and elongation of the imprinted
structures in the 3D channel. Increasing the height and decreasing the period of brass
mold protrusions leads to higher total strain of the intermediate PDMS stamp and
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consequently imprinted structures in the 3D molded channel. The aspect ratio of 3D
molded channels is always less than that of the corresponding brass mold protrusions.
For a given height of brass mold protrusion this deviation will be less when the width of
the brass mold increases (aspect ratio decreases) and/or the thickness of intermediate
PDMS stamp decreases. Experimental as well as simulation results show that, at a given
height of protrusion, increasing the width of brass mold protrusion or in other words
decreasing the aspect ratio of brass mold protrusion causes the maximum local strain of
the intermediate PDMS stamp to shift from the bottom center of the 3D channel to the
corners, resulting in a reduction in the elongation of imprinted patterns in the bottom
surface of the 3D channel.
The current 3D molding process allows the integration of micro/nanostructures
along the surface of microstructures with the sizes only larger than ~ 50 µm, attributed
mainly to the thickness of the intermediate PDMS stamp used. Overcoming this
limitation will enable more versatile use of the 3D molding process. Theoretically, the
deformation behavior in the PDMS intermediate stamp and 3D molded PMMA
substrate that was discussed in this work can be scale down to sub-micron scales.
However, practically it will be challenging since it requires development of processes to
produce and handle ultrathin intermediate PDMS stamps. Broad applications of the 3D
molding process are envisioned where the fabrication of 3D structures is required for
the modification of surface properties. These include micro/nanofluidics, bioanalytic
devices and 3D optical components. In order to use 3D molded microchannels for
microfluidic applications, enclosed fluidic channels need to be formed. However, it is
not straightforward to achieve good bonding using the conventional thermal bonding
method due to the presence of additional structures existing on the top surface
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of

3D

molded substrate. Therefore, a technique to bond a cover plate to the 3D molded
substrate also needs to be developed.
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CHAPTER 6. 3D NANOMOLDING FOR
LAB-ON-A-CHIP APPLICATIONS∗
6.1 Introduction
The ability to produce three dimensional (3D) micro and nanostructures at low cost
and with high throughput is very desirable for many applications such as electronics,
photonic crystals, microfluidic devices and biomimetic surfaces [2, 26]. In particular,
micro and nanopatterns formed on the walls of microfluidic channels have proven to
improve mixing [6-9], reduce pressure drop of fluid flow [5], and enhance cell capturing
and cell cultivation [10]. Another 3D structure that draws significant interest is
biomimetic superhydrophobic structures in which nanoscale pillars are protruding from
the surfaces of microscale bump structures [4].
Polymer molding is a powerful tool for high throughput nanofabrication [11-19].
However, Conventional micro and nanomolding techniques are rather limited to
producing 2D patterns protruded or recessed from planar polymer substrates mainly due
to the use of a hard mold and application of unidirectional force for achieving
conformal molding. The vertical motion of the hard mold during demolding leads to
breakage of structures when the structures are slanted or have undercut. In order to
avoid damage of the molded structures, the mold or molded part should have elastic
properties so that demolding can be performed under reversible deformation [137].
Taking advantage of the elastic property of polydimethylsiloxane (PDMS), several
researchers have demonstrated 3D patterning such as nanostructures on curved
substrates and undercut structures via molding with stamps made of PDMS [22-25].

∗

Reprinted from Lab on a Chip with permission from RSC.
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Despite some success, technologies to produce arbitrary 3D patterns at the nanoscale via
molding are still lacking and need to be developed.
We have previously reported a modified molding process, named 3D molding,
where a 100 µm thick intermediate PMDS stamp with nanostructures on its surface is
introduced between a microstructured brass mold and a PMMA substrate for
conventional hot embossing [128]. Upon 3D molding, the structures in the PDMS stamp
are replicated into PMMA along the surface profile of microstructures in the brass mold,
even at the sidewall of the microstructures. However, three problems to use this
technology for microfluidic applications were identified: (1) The difficulty in patterning
nanostructures on the surface of microstructures due to the collapse of nanostructures as
a result of the low modulus of elasticity of PDMS; (2) the size of microstructures whose
surface is patterned with smaller features was limited to dimensions larger than 100 µm,
which is caused by the thickness of the intermdiate PDMS stamp used. In order to
overcome this problem, the thickness of the intermediate PDMS stamp needs to be
significantly reduced to a few micrometers or below. However, ultra-thin PDMS stamps
become crumpled easily, making it very difficult to properly handle; and (3) it was
difficult to seal the 3D molded microchannels with a cover plate. The third problem
comes from the fact that there are additional structures on top surface of 3D molded
substrates through which leak may occur. Therefore, it is the goal of this paper to solve
these three problems, which is needed to enable broad applications of the 3D molded
structures.
In this chapter, overcoming the first problem, we show a two-step molding
technique that allows for patterning arbitrarily hierarchical 3D micro and nanostructures.
We name this modified 3D molding technique as 3D nanomolding. Patterning of
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nanostructures on arbitrarily shaped micro and nanostructured surfaces, such as
superhydrophobic structures on a lotus leaf surface and microfluidic channels decorated
with nanopattern on their walls, was made possible by using an ultra-thin intermediate
PDMS stamp. We also demonstrate that the 3D nanomolded microchannels can be
sealed with a nanopatterned PMMA cover plate by solvent bonding to complete 3D
patterned microfluidic devices. Further SEM investigation of cross section of the
bonded deivce shows that the nanopatterns on microchannel walls remain intact after
the bonding.

6.2 Experimental
6.2.1 Fabrication of primary PDMS stamps
Primary PDMS stamps containing microstructures were fabricated by pouring the
mixture of the elastomer base and curing agent (Sylgard 184, Dow Corning, weight
ratio of 10:1) over variously patterned surfaces of SU-8, UV-resin, PMMA and lotus
leaf master molds, which is followed by curing. Curing was done at 65° C for 4 hours
for PDMS poured over the SU-8, UV-resin and PMMA master mold and at room
temperature for 24 hours for PDMS casted over the leaf master mold.
6.2.2 3D nanomolding
6.2.2.1 Fabrication of master stamps for nanostructuring
In order to fabricate the 3D hierarchical structures comprising micro and
nanopatterns, initially the surface of PMMA substrate should be patterned with
nanopatterns. For this purpose a composite master stamp containing nanostructures was
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fabricated from a 2-inch Si master stamp. The Si master stamp containing nanoscale
dots/gratings on the whole area was fabricated by UV interference lithography. The
width and period of nanogratings were 101 ± 9 and 225 ± 6 nm and the diameter and
period of nanodots were 180 ± 20 and 333 ± 10 nm respectively. To fabricate the
composite master stamp, a thin layer of a UV curable resin polyurethane acrylate (PUA,
MIN-511RM, Minuta tech.) was spin coated on the polycarbonate (PC) substrate at
3000 rpm for 20 sec. Then, the nanopatterns in the Si master were replicated into the
PUA/PC substrate using UV nanoimprint lithography at 10 bar and room temperature
for 30 sec by the UV nanoimprint lithography in a commercial nanoimprint lithography
machine (Obducat).
6.2.2.2 Nanopatterning into PMMA substrate
After releasing the PUA/PC substrate from the Si master mold, the nanoscale
dot/grating patterns on the PUA/PC stamp were transferred to a PMMA substrate with
the thickness of 250 µm using the thermal nanoimprint lithography process. The
imprinting was performed at 35 bar and 130°C for 5 min.
6.2.2.3 Ultra-thin intermediate PDMS stamp
To fabricate the ultra-thin intermediate PDMS stamp, PDMS precursor with a 1:1
weight ratio of elastomer base to curing agent (Sylgard 184, Dow Corning) was
prepared and degased for 20 min. The mixture was then spin-coated at 6000 rpm for 2
min on the 2-inch thin PMMA film substrate. The pre-polymer PDMS mixture was
filtered by 0.2 µm filter prior to spin coating over PMMA substrate. The spin coated
layer then cured in an oven at 65°C for 4 hours. To decrease the thickness of the
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intermediate PDMS stamp a blank PDMS block was placed over the surface of spin
coated and cured PDMS and pressed gently to make a conformal contact with it and
then removed. This caused the thickness of the intermediate PDMS stamp to be further
decreased. For nanopatterning the surface of microfluidics channels a 10:1 weight ratio
of elastomer base to curing agent was used and the process to decrease the thickness of
the intermediate PDMS stamp was skipped.
6.2.2.4 Primary molding
After preparing the primary and intermediate PDMS stamps, the primary PDMS
stamp was placed on the top of the the intermediate PDMS stamp coated on the prenanopatterned thin PMMA substrate. This stack was then loaded in the nanoimprint
lithography machine. The imprinting was performed at 170°C and 30 bar for 5 min.
After imprinting the primary PDMS stamp was first demolded. To remove the
intermediate PDMS stamp completely, the pre-polymer PDMS mixture was poured
over the surface of the thin PMMA film and removed after curing.
6.2.3 Characterization
Sample surfaces were investigated by scanning electron microscopy (SEM, FEI
Quanta 3D FEG Dual Beam SEM/FIB) and atomic force microscopy (AFM, Agilent
Technologies 5500). Static water contact angles were measured by using a pipette,
mounted above the samples, to drop droplets of volume 5 µL. A minimum of three
measurements was taken to calculate the average contact angle on each sample. Images
of the droplets resting on the samples were analyzed using the contact angle analysis
system FTA 125, First Ten Ångstrom Inc., Portsmouth, Virginia.
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6.2.4 Solvent bonding
The holes with diameter of ~ 800 µm were drilled in the inlet and outlet area of the
microfluidic structures in the 3D nanomolded PMMA substrate. Another thin PMMA
substrate with 250 µm in thickness (Goodfellow, Oakdale, PA) was patterned with
nanostructures using the PUA/PC composite stamp and then used as the cover plate.
Both the 3D nanomolded PMMA substrate and cover plate were rinsed with reagent
grade isopropyl alcohol (IPA, Sigma-Aldrich, St. Louis, MO), DI water, and IPA again
and then blow-dried with air. Droplets of a solvent mixture (47.5% DMSO, 47.5%
water, and 5% methanol) were spread over the cover plate [138]. The 3D substrate was
placed in conformal contact with the cover plate. The stack then was loaded in NIL
machine. The bonding was performed at 92 ºC and 4 bar for 10 minutes. Following
bonding, the system was cooled to 30 ºC, the NIL chamber was opened and the bonded
chip was removed.
6.2.5 Leakage testing
PEEKTM tubing capillaries were purchased from IDEX, Oak Harbor, WA.

After

solvent bonding, the capillaries with 795 µm (0.0313 in) OD and 177 µm (0.007 in) ID
were inserted into the inlet/outlet ports of the device and a tiny amount of epoxy resin
was applied to the capillary-device interfaces to prevent leakage. 5-mL glass syringe
(1005TLL, Hamilton, Reno, NV, USA) was filled with a fluorescein dye (fluorescein
sodium salt in deionized water, 3.75 ×10 -2 g/L, F6377-100G, Sigma-Aldrich, St. Louis,
MO, USA) and injected at 20 µL/min into the inlet of the 3D microdevice using a
syringe pump (KDS220 multi-syringe pump, Kd Scientific Inc., MA, USA). The 3D
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microchannel was imaged using an inverted fluorescence microscope (Eclipse, Nikon
Instruments Inc. Melville, NY, USA) and digital camera (Cool- SnapFX Photometrics,
Tucson, AZ, USA).

6.3 Results and discussion
Figure 6.1 shows the process scheme for 3D nanomolding. The first step is
patterning nanostructures on the surface of a polymer substrate using any conventional
nanolithographic technique. In this study, we used the nanoimprint process with a
composite polymer stamp made of a polyurethane acrylate (PUA) layer with
nanostructures formed on a polycarbonate sheet (PC) was used. The thickness of PUA
on PC was 9.0 ± 0.2 µm. The diameter, period and height of nanodots in PUA were 194
± 11 nm, 347 ± 10 nm and 134 ± 10 nm respectively. The use of a polymer stamp
reduces adhesion and thermal stress at the stamp/substrate interface, compared to the
case where a stamp made of silicon or nickel was used [139, 140], and consequently
makes demolding easier and reduces undesirable deformation. No noticeable damage
was observed in the PUA/PC composite stamp even after the stamp was used for
thermal nanoimprinting more than 10 times. The diameter, period and height of
nanopatterns in PMMA imprinted by PUA/PC stamp were 200 ± 20 nm, 364 ± 11 nm
and 124 ± 9 nm respectively.
Then, the next step is the first molding step where a thin PDMS layer is formed on
the nanopatterned PMMA substrate via spin-coating. In order to lower the viscosity of
the PDMS prepolymer to enable spin-coating of a thin PDMS layer, the elastomer base
and the curing agent were mixed with the weight ratio of 1:1, different from the 10:1
ratio widely used for PDMS casting, which results in a thickness of 2-3 µm. The
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thickness of the intermediate PDMS stamp was even further reduced by gently pressing
the thin PDMS layer with a blank PDMS block. Upon removal of the blank PDMS
block, the bulk part of the spin-coated PDMS layer comes off, leaving an ultrathin
PDMS layer on the PMMA substrate. The thickness of the ultrathin PDMS layer
amounts to ~ 200 nm, as will be discussed later. This step of reducing the thickness of
the intermediate PDMS stamp was not needed when nanostructures are formed on large
microstructures, usually in the dimension larger than a few tens of micrometers. The
PDMS layer will play a role as an intermediate stamp to keep the nanopatterns in
PMMA from being damaged during the subsequent primary molding step.

Figure 6.1 Schematic illustration of the 3D nanomolding process.
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Then, primary molding is performed with another PDMS stamp (primary stamp)
having microstructures at a temperature much above the glass transition temperature (Tg)
of both PMMA (95oC) [141] and PDMS (-125oC) [142]. In this study, the primary
molding was performed at 170°C and 30 bar for 5 min. Examples of the scanning
electron microscopy (SEM) images for the microstructures in the primary PDMS stamp
and nanodots on the surface of imprinted PMMA substrate are shown in figure 6.2(a)
and (b), respectively. During the primary molding, the ultra-thin intermediate PDMS
stamp, initially in contact only with the bottom of the primary PDMS stamp protrusions,
is pushed downward while PMMA is squeezed up and fills into the cavities of the
primary PDMS stamp. Since the entire surface of PMMA is covered by the PDMS
intermediate stamp, the movement of PMMA toward cavities of the primary PDMS
stamp structures causes the intermediate stamp to elongate. As a result, the intermediate
stamp conforms to the shape of structures in the primary PDMS stamp while PMMA is
molded to the shape of the intermediate stamp.
In fact, during the primary molding PMMA and PDMS show different deformation
behaviors. Deformation of PMMA as a thermoplastic above its Tg occurs through the
sliding of its chains on each other and is mostly irreversible. Such a deformation will be
made easier by a rise in the molding temperature due to an increased free volume and
easier sliding of the chains [134]. However, an elastomer such as PDMS will behave
differently, where the crosslinks prevent the sliding of polymeric chains. Thus, at a
temperature above the Tg of PDMS deformation occurs due to uncoiling of the
polymeric chains and is reversible. The uncoiling of the chains causes the entropy to
decrease while it does not influence the internal energy. Once the external force is
removed and in order to increase its entropy to lower the overall energy, the chains will
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coil up again. This type of deformation is called entropy-elastic state. When the
temperature increases, the increase in internal energy has to be counteracted by an
increase in entropy to reach energy equilibrium [134]. An increased entropy in turn
means a larger tendency for the chains to coil up. Therefore, as thermodynamically laid
out by Flory [135], the elastic modulus of an elastomer actually linearly increases with
!

temperature: E = ! k. T. ρ! , where E is the elastic modulus, k Boltzmann constant, T the
temperature and ρ!   the degree of cross-linking. The softening behavior of PMMA and
hardening of PDMS with a rise in temperature is in fact the reason we could imprint
PMMA using a PDMS stamp. The elastic deformation of the ultra-thin PDMS stamp
will also allow for the elongation, covering the surface of the primary PDMS stamp
during mold filling.
The last step is the cooling of the entire sample below Tg of PMMA, followed by
the two step demolding: first demolding of the primary PDMS stamp and second
demolding of the intermediate PDMS stamp. Figure 6.2(c) shows SEM images after
demolding of the primary PDMS stamp. It can be seen that some parts of the
intermediate PDMS stamp were also detached in the first demolding step. The thickness
of this intermediate PDMS stamp could be estimated from the partially detached area of
the SEM image, which amounts to ~ 200 nm. In order to completely remove the ultrathin intermediate stamp from the molded PMMA substrate, the second demolding step
follows, where PDMS pre-polymer was again poured over the substrate, cured and then
demolded. Finally, clean hierarchical 3D patterns comprising patterns from the two
PDMS stamps were obtained, as shown in figure 2(d). For the thin intermediate PDMS
stamp with the thickness larger than 5 µm, the second demolding step is not even
needed as the thin PDMS stamp comes off together with the primary mold in the first
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molding step. One limitation of the 3D nanomolding process is the long process time
entailed by pouring and curing PDMS for the fabrication of primary and intermediate
PDMS molds as well as the second demolding step. Also, the intermediate PDMS mold
is often torn and thus cannot be re-used. These limitations prevent 3D nanomolding
from being used for mass production of 3D structures. In order to overcome these
limitations, we are currently elaborating on use of the 3D nanomolded structures as a
mold for a single step replication process. Our preliminary results show that the 3D
structures can be replicated faithfully by a single step NIL process. In this case, 3D
nanomolding can only be used for the fabrication of 3D stamp, which will enable
practical use of 3D structures.
It should be noted that there were variations in the dimensions of 3D nanomolded
structures compared to those of the primary and intermediate PDMS stamps. The width,
period and depth of the microscale protrusions in the primary PDMS stamp shown in
figure 2(a) were 4.6 ± 0.1 µm, 14.3 ± 0.2 µm and 3.2 ± 0.1 µm, respectively, as
measured using atomic force microscopy (AFM). After 3D nanomolding, these were
changed to 5.0 ± 0.1 µm, 17.8 ± 0.1 µm and 3.5 ± 0.1 µm, respectively (figure 2(d)).
These variations are attributed to the combined effect of elastic deformation of the
primary PDMS stamp during thermal imprinting and the presence of an ultra-thin
intermediate PDMS stamp between the primary PDMS stamp and PMMA substrate.
The former effect can be minimized by using a hard material such as silicon and nickel
as the stamp material. In addition, the edges of 3D molded structures become slightly
rounded, which occurs due to the bending of the flexible ultra-thin intermediate PDMS
stamp on the sharp edges of primary PDMS stamp.
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Figure 6.2 Scanning electron micrographs of (a) priamry PDMS stamp having
microgratings. (b) pre-nanopatterned PMMA substrate imprinted using PUA/PC
composite stamp (c) PMMA substrate imprinted using 3D nanomolding after
demolding primary PDMS stamp. (d) 3D PMMA substrate after removing the
ultra-thin PDMS stamp.
The dimensions of the nanoscale dots in the molded PMMA were also changed
upon the primary molding. But in this case the degree of the dimensional variations was
different depending on the locations in the microstructures. The highest elongation of
the intermediate PDMS stamp happens around the corners of the microchannels where
there is stress concentration during thermal imprinting. Figure 6.3 shows AFM images
and surface profiles for the nanodots in the PMMA before the primary molding and in
the center of the microchannel trench after the primary molding step.
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Figure 6.3 (a) AFM picture of nanodots and (b) surfae profile of nanodots
before and after 3D nanomolding.
The height of the nanodots decreases by ~ 20% from 124 ± 9 nm to 95 ± 6 nm while
their diameter increases by ~ 50% from 200 ± 20 nm to 301 ± 20 nm. The height and
diameter of nanopatterns in the center of the sidewall were also measured from SEM
pictures. Compared to the initial nanopattern dimensions, the height decreases by
~ 10 % from 124 ± 9 nm to 112 ± 8 nm while the diameter increases by ~30 % from
200 ± 20

nm to 267 ± 18 nm. Even though the variations of nanostructure dimensions

upon 3D nanomolding are inevitable, the variations can be reduced. The local and total
strain of the intermediate PDMS stamp and the resulting elongation in the 3D
nanomolded PMMA pattern depends mainly on the geometry of primary PDMS mold
structures. The total strain of the intermediate PDMS stamp is approximately 2a/p,
where a and p represent the height and period of primary mold structures. Therefore, the
total strain decreases as the height of primary mold structures decreases or the period of
the primary mold structures increases. It should also be mentioned that the
nanostructure dimensions vary along the periphery of microstructures. The elongation
of nanostructures is larger around the corners of the primary mold structures due to the
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stress concentration when the width of the primary mold structure is large. As the width
decreases, the maximum local strain shifts from the corners to the center of the channel
because the stress concentrated at the two corners of the primary mold structures
overlaps. This behavior was similarly observed for 3D molding process that was
previously reported. This implies that, for applications like bio-sensing and bioreaction
where the uniformity of the nanostructures is important, a PDMS primary mold with
microstructures with a large period and low height is preferred to keep the total strain
low. However, in order to use a lower height for the primary PDMS stamp structures,
the thickness of the intermediate PDMS stamp should be further reduced to achieve the
similar replication fidelity for the primary mold microstructures.
Another method to reduce the variations of structural dimensions upon 3D
nanomolding is the use of a composite intermediate stamp where nanostructures are
made of for example hard PDMS or hydrogen silsesquioxane (HQS) resist on a flexible
PDMS matrix. With such a stamp, deformation of nanostructures will be reduced while
the flexible PDMS matrix still allows for stretching into the microstructures of the
primary mold.
Examples of 3D molded PMMA patterns are shown in figure 6.4. 3D molded
nanogratings/dots are formed on the surface of microgratings, micropyrmaids and
microfluidic channels.
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Figure 6.4 3D molded nanograting/dot patterns on the surface of (a)
microgratings (b) micropyramid (c) and (d) microfluidic channels.
We have also studied the effect of the integrated nanostructures into microstructures
by 3D nanomolding on the surface wetting properties. For the experiment, a PDMS
replica of lotus leaf surface was used as the primary stamp for 3D nanomolding on flat
PMMA surface (figure 6.5(a)) and PMMA which was pre-patterned with nanodots
(figure 6.5(b)). The period and diameter of the PMMA nanodots before 3D
nanomolding were 364 ± 11 nm and 200 ± 20 nm, respectively.

The inserts in figure

6.5 shows water droplets put on the sample surfaces after the surfaces were coated by a
fluorinated silane. The static contact angle of water droplet on microstructures and
hierarchical structures were 121 ± 4° and 132 ± 7° before silane coating and increased
to 136 ± 3° and 144 ± 3°, respectively, after the silane coating. The results indicate that
3D nanomolding can be a useful tool to produce biomimetic hierarchical structures to
modify surface wetting properties.
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Figure 6.5 Scanning electron micrographs of PMMA substrate when PDMS replica
of lotus leaf surface was used for 3D nanomolding on flat PMMA surface and
PMMA which was pre-patterned with nanodots. The inserts show the water droplet
on the surface of samples after they are coated by a fluorinated silane.
Compared to the previously developed 3D molding where a 100 µm thick, free
standing PDMS intermediate stamp with pre-structured nanopatterns was used, in the
3D nanomolding the PDMS intermediate stamp is formed in situ via spin coating of
PDMS prepolymer directly onto the pre-nanostructured PMMA. The in situ formation
of the PDMS intermediate stamp not only allows for avoiding manual handling and
process contamination of it, but also it allows for fabricating an ultra-thin PDMS layer.
As a result, the size of microstructures on which nanopatterned are formed can be
significantly reduced. Another significant advantage of the 3D nanomolding process
over the previously developed 3D molding process is that it can avoid collapsing of
nanostructures, which often occurs in the fabrication and operation of free-standing
PDMS intermediate stamps in 3D molding as a result of low module of elasticity of
PDMS stamp. In the 3D nanomolding process, on the other hand, since PDMS fills into
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pre-patterned PMMA nanostructures, high aspect ratio nanopatterns can be maintained
without collapse during the integration into the periphery of micropatterns.
The maximum operating temperature of cured PDMS (>200 °C) [143] limits the
substrate material to thermoplastic polymers with the glass transition temperature lower
than the damage temperature of PDMS. However, a large number of thermoplastic
polymers has the Tg below the PDMS damage temperature and thus can be imprinted by
primary and intermediate PDMS stamp.
One question that arises in order to use the 3D nanomolded structures for lab-on-achip applications is whether the 3D nanomolded microchannels can be sealed well
while the nanostructures formed on the microchannel walls are intact during the
bonding process. For this purpose, solvent bonding is preferred to the thermal bonding
which is widely used for lab-on-a-chip applications. In thermal bonding, an elevated
temperature, usually slightly lower than Tg of the polymer material used, is applied to
the entire chip. But since the glass transition of a polymer is a second-order, gradual
transition around Tg, the polymer chains are to a certain extent still mobile at the
bonding temperature and thus deformation of the integrated nanostructures may occur.
In solvent bonding, on the other hand, a much lower temperature than thermal bonding
is used. Solvent bonding allowes enhanced softening of the surface of the PMMA at the
interface between the nanopatterned coverplate and 3D nanomolded substate.
Deformation will only occur where the two surfaces are in contact during bonding and
thus the nanofeatures on the microchannel surface will maintain [138]. In this study, we
used a solvent mixture of 47.5% DMSO, 47.5% water, and 5% methanol which was
previusely developed by Brown et al. [138]. Figure 6.6 shows fluorescence microscopy
images for a nanomolded microfluidic channel filled with a fluorescein dye after solvent
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bonding. No leakage in the bonded chip is seen. Additional SEM investigation on the
integrated nanostructures on the microchannel walls was performed after breaking the
bonded chip. There was no visible deformation on the nanopatterns formed at the 3D
nanomolded microchannel walls and no collapse of the cover plate during bonding
(results are not shown) were observed. Our results indicate that the 3D nanomolding
technology that we developed here is suitable to produce microfluidic channels
hierarchically decorated with nanopatterns on their wall surface for lab-on-a-chip
applications.

Figure 6.6 Fluorescence microscope images of nanopatterned sinusoidal-shaped
channel after solvent bonding.

6.4. Conclusions
In summary, the 3D nanomolding process that allows for fabricating nanopatterns on
the arbitrary surface or microscale features was developed. The key to the process is the
use of an ultrathin PDMS intermediate stamp formed in situ via spin-coating and curing
of PDMS prepolymer on the pre-nanostructured PMMA. Solvent bonding was used to
bond the nanopatterned cover plate to the 3D substrate to fabricate a 3D device. The
concept of using an intermediate PDMS stamp to produce hierarchical 3D structures
was already presented in our previous work [128]. However, we believe that this work
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significantly advances the 3D patterning technique for lab-on-a-chip applications in that
(1) the modified process allows for patterning even nanostructures along the periphery
of microstructures, (2) nanopatterns can be integrated into small microstructures,
possibly into even sub-micron structures, and (3) formation of enclosed microfluidic
devices with 3D nanomolded structures was demonstrated via solvent bonding with a
PMMA cover plate. The current 3D nanomolding process is slow due to the use of
PDMS process. However, this can be overcome if the 3D structures fabricated by 3D
nanomolding can be further used as a mold for a single step replication process. Broad
applications of the 3D nanomolding process are envisioned, where the fabrication of 3D
nanostructures is required for the modification of surface properties. These include
micro/nanofluidics, bioanalytic devices, and photonic crystals.
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CHAPTER 7. FLUID MIXING IN MICROCHANNELS
WITH PATTERNED WALLS
7.1 Introduction
Over the past two decades microfluidic devices have received significant interests
for analytical chemistry, clinical diagnosis, environmental monitoring and food analysis
applications [144-150]. Microfluidics offers a variety of advantages such as low
consumption of sample and reagents, low power consumption, reduced cost, high
throughput, integration of various functionality and automation [1]. Despite the
progresses made in recent years, mixing in microfluidics still remains as a challenge.
The difficulty in microfluidic mixing arises from the fact that the Reynolds number, Re
=  (ρvd)/µμ, representing the ratio of inertia to viscous forces, is less than one hundred
due to the small dimensions of microchannels and the limited range of obtainable
velocity, and therefore the flow regime is laminar. Here, µμ, ρ, v  and d are the dynamic
viscosity, fluid density, fluid velocity, and characteristic length, respectively.
Consequently, in microfluidic channels with smooth walls and no external disturbance
source the only mechanism through which mixing can occur is diffusion, which is an
inherently slow process. The requirement of a long microchannel for complete mixing
increases the device footprint significantly, making the device impractical for many labon-a-chip applications. In order to overcome the limitation, tremendous efforts have
been given on developing strategies to acquire rapid laminar mixing in microfluidics.
Micromixers can be classified as passive micromixers and active micromixers [151].
Detailed information on the design and operating principles of active and passive
mixers can be found in the following reviews [152-155]. In active micromixers,
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disturbance in fluid flow is generated by an external source such as magnetic field,
electric field, ultrasonic effects and thermal medium to increase advective motion in
fluids. Integration of an active micromixer into a microfluidic device is challenging and
costly due to expensive and complex fabrication protocols and supporting external
equipment. In addition, electrical field or heat generated by active micromixers can
damage biological samples.
On the other hand, no external source is used in passive micromixers. Methods to
achieve improved mixing in passive mixers can be categorized into two types:
geometrical modification in microfluidic channel design [156-160] and integration of
additional structures into microchannels [7, 161-165]. An example of the first type is
lamination mixers where a microchannel splits into narrower channels that are
recombined later [156]. An enhanced mixing is achieved by increasing the interfacial
area between two fluids and decreasing the diffusion length. In a hydrodynamic
focusing design [157], sheath streams are employed to confine a concentrated sample
stream to a narrower width which enhances mixing by decreasing the distance over
which diffusion should occur. A modified Tesla structure utilizes the Coanda effect for
improving mixing where a fluid stream is split and then one of the diverged flows is
redirected to cause impact between fluids and produce transverse dispersion within the
channel [166]. Curved microchannels [159, 160] and 3D serpentine channels with
recurring “C-shaped” units [158] are also used, which results in transverse flow
occurring as the result of centrifugal effects on fluids travelling along curved
trajectories and through chaotic advection, respectively. The passive micromixers
belonging to this type are effective in improving mixing and their fabrication mostly
involves design of a photomask followed by a single step photolithography. However, it
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is usually accompanied by an increase in the device footprint, which is not desired in
many applications.
In the second group of passive mixers, additional structures can be obstacles formed
in the microchannels, surface patterns at the channel walls or the combination thereof [7,
161-165]. In Nguyen et al. [161], obstacles are introduced into the channel to change the
cross section of the channel and the flow direction which consequently create
recirculation to induce lateral mass transfer. In Johnson et al. [162], slanted wells are
patterned at the bottom of a T-microchannel in polycarbonate using a pulsed UV
excimer laser to introduce a high degree of lateral transport within the channel for faster
mixing. Stroock et al. [7] have fabricated a channel with staggered herringbone
structures on the floor of the channel using a two step photolithography and PDMS
casting to create two counter rotating vortices inside the micromixer. Yang et al. [164]
proposed a connected groove micomixer whose bottom and side walls are patterned
with connected grooves using a two step photolithography and PDMS casting to
intensify the transverse field for improving mixing. Sato et al. [165] used a two step
inclined backside exposure and two-step top side exposure to fabricate a 3D channel
whose top and side walls have slanted microgrooves to generate short pitch spiral flow
for efficient exposure.
The literatures on the second type of micromixers indicate that the mixing
efficiency can be further improved if a more number of walls are decorated with
additional structures. However, the literatures also show that integration of additional
structures on the walls of microchannels requires a number of additional
micromachining steps or use of high-end equipment and thus increases the fabrication
cost significantly [7, 162-165]. Therefore, fabrication of such structures at low cost and
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with high throughput is a huge technological challenge. In addition, the characteristics
of fluids and their mixing in such microchannels with more than one side of the channel
walls decorated with additional structures have not been fully studied.
Previously we have developed a modified 3D molding, a technology which allows
for fabricating micro/nanostructures along the surface of any arbitrary microstructures
in polymer substrates via molding with the help of a thin intermediate
polydimethysiloxane (PDMS) stamp [167, 168]. Modified 3D molding is a suitable
method to produce microchannels with all the channel walls decorated with additional
microstructures. Here we use the modified 3D molding process to produce continues
microscale ratchet gratings on the sidewalls and bottom of the microchannel to realize
fabrication of a 3D microchannel. The integrated ratchet gratings are aligned at an
inclination angle of ~ 45° with respect to the direction along the microchannel. A
solvent assisted bonding technique is utilized to bond a plain/micropatterned cover plate
to the PMMA substrate with plain/3D channel to fabricate four different types of
microdevices, i.e. no side, one side, three sides and four sides patterned and 3D flow
patterns induced by the surface structures at different locations of the microchannels are
studied using confocal microscopy.

7.2 Methods
7.2.1 Brass mold fabrication and PMMA pre-micropatterning
Brass molds containing ratchet gratings with the period of 75 µm and a T-junction
protrusion with the width and depth of 50 and 70 µm, respectively, were fabricated by a
KERN MMP2522 micro milling machine. The brass was rough cut with an 800 µm
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diameter end mill (PMT Tools) at 200 mm/min, followed by a finishing pass with a
100 µm diameter end mill (PMT Tools) at 75 mm/min. The spindle was run at 40,000
rpm for all passes. For ratchet fabrication, a jig was used to angle the brass surface off
the horizontal. After fabrication, the brass mold with ratchet gratings were imprinted
into poly(methyl methacrylate) (PMMA) using a commercial nanoimprint lithography
(NIL) machine (Obducat 6 inch NIL). Imprinting was performed at 160°C and 30 bar
for 10 minutes. Then the system was cooled down to 70 ºC and demolding was done.
7.2.2 3D nanomolding
Figure 7.1 illustrates the schematic of modified 3D molding process.

Figure 7.1 Schematic illustration of the 3D nanomolding process.
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On the surface of PMMA substrate pre-micropatterned with micro ratchet gratings,
PDMS prepolymer was spin coated at 2000 rpm for 40 seconds and cured in order to
form a thin intermediate PDMS stamp. The thickness of intermediate PDMS stamp was
41.6 ± 2.5 µm. This was followed by the primary molding step at 170°C and 5 bar for 5
min, which was performed in the NIL machine using a brass mold having a T-junction
microscale protrusion. For primary molding, the angle between the direction of ratchet
gratings in the pre-patterned PMMA substrate and the direction of the microchannel in
the brass mold was set to be ~ 45°, so that slanted ratchet gratings are formed on the
sidewall and bottom surface of the microchannel. After primary molding, demolding
was performed in two steps at 70°C: first demolding of the brass mold and then second
peeling off the PDMS intermediate stamp from the 3D molded PMMA substrate. Even
for fabricating plain microchannels, a thin intermediate PDMS stamp without any prepatterned structures was used for primary molding in order to obtain a similar cross
section to those for the microchannels decorated with ratchet gratings.
7.2.3 Solvent assisted bonding
Before bonding a cover plate to the 3D molded substrate, holes were drilled in the
inlet and outlet area of the 3D channel. A solvent assisted bonding technique developed
by Brown et al. [138] for bonding of PMMA chips was used. A few drops of a solvent
mixture (47.5% dimethyl sulfoxide (DMSO), 47.5% water and 5% methanol) were
spread over the cover plate and then the 3D molded substrate was placed in conformal
contact with the cover plate. The assembly of 3D molded substrate/cover plate was
loaded in the NIL machine and brought to 92 °C and a 10 bar for 30 min, which leads to
a complete bonding. For microfluidic devices with no side and three sides of
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microchannel walls patterned, plain cover plates without any patterns were used while
for devices with one side and four sides of channel walls patterned, cover plates
patterned with ratchet gratings were used. For the device with four sidewalls patterned,
the cover plate is aligned for bonding so that the ratchet gratings in the cover plate are in
parallel with the ratchet gratings in the bottom of the 3D molded channel.
7.2.4 Leakage testing
After solvent assisted bonding, PEEKTM tubing capillaries (part number 1577-12x,
IDEX, Oak Harbor, WA) with 795 µm (0.0313 in) outer diameter and 177 µm (0.007 in)
inner diameter were inserted into inlet/outlet ports of the device and a tiny amount of
epoxy resin was applied to the capillary-device interfaces to prevent leakage. Two 5 mL
glass syringes (1005TLL, Hamilton, Reno, NV, USA) were filled with a fluorescein dye
solution (fluorescein sodium salt in deionized (DI) water with a concentration of 3.75
×10

-2

g/L, F6377-100G, Sigma-Aldrich, St. Louis, MO, USA). The dye solution was

injected at 40 µL/min into the inlets of the microdevice using syringe pumps (KDS220
multi-syringe pump, Kd Scientific Inc., MA, USA). The injected micromixer was
imaged using an inverted fluorescence microscope (Eclipse, Nikon Instruments Inc.
Melville, NY, USA) with a 10× objective lens for a lead test and the images were
captured by a digital camera (Cool- SnapFX Photometrics, Tucson, AZ, USA).
7.2.5 Mixing characterization
A scanning laser confocal microscope (Leica TCS SP2) was used to map out 3D
flow patterns induced by the surface structures on microchannel walls at different
locations (1, 3, 5, 10, 15, 20 and 28 mm from T-junction) along the microchannel. DI
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water and a solution of fluorescein dye in DI water were injected from separate inlets of
a T-micromixer. Two flow rates of 10 and 40 µL/min in the mixing channel were
investigated. The results from confocal microscopy are a stack of images in the xy plane
with a slice thickness of 383 µm The stack were then assembled into a 3D image and
transect in the desired area in the xz plane. x, y and z are the coordinates in the direction
of the width, length and height of the channels respectively.
To quantify the degree of mixing for a location in 3D microchannels, the standard
deviation of the normalized fluorescence intensity, i.e. fluorescence intensity at a
location with respect to the maximum fluorescence intensity at the inlet, was obtained
from the cross sectional confocal microscopy image using σ =< (I −  < I >)! >!/! . σ
is the standard deviation, I is the gray style intensity value of a pixel with a value
between 0 and 1 and < > means an average over all pixels in the image. Therefore, σ is
0.5 for completely separated fluids and 0 for completely mixed fluids. Only the central
50 % of the area of the images was used to calculate σ to eliminate variaions of the
fluorescence intensity around the walls due to optical effects [7].
7.2.6 Numerical simulation of the mixing
A series of computational simulations were performed using a multiphysics
software Comsol for four different models shown in Figure 7.2. The models consist in a
T-micromixer with a 4000 µm long microchannel with a cross-section of 60 µm wide
and 30 µm height. The four models differ by the number of microchannel walls
decorated with microscale ratchet gratings. The height and period of the ratchets are 6
and 75 µm, respectively. The ratchets were placed at a 45° angle to the long axis of the
channel.
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The models used for the simulation are different from the fabricated structures used
for mixing experiments in three aspects. First, the dimensions of the T-micromixer
structure is reduced by a factor of ~ 2 with respect to those of the micromixers used for
experiments. This means that the cross-sectional area of the long microchannel is
reduced by a factor of ~ 4. The height of ratchet gratings also is increased by a factor
1.5. These dimensions were used to achieve simulation results in a reasonable
computational time. Second, ratchet gratings in the models are formed on the walls of a
portion of the long microchannel. Starting at a 150 µm distance from the T-junction of
the micromixer, only 45 ratchets are placed on the walls of the microchannels. On the
other hand, in the devices used for experiments, entire microchannel walls are decorated
with ratchet gratings. Third, the cross-section of the model microchannel is rectangular
while that for the 3D microchannel has rounded bottom corners which are inevitably
produced during the modified 3D molding process. The previous systematic study on
the process indicates that the rounding of corners in 3D microchannels can be reduced
by using a thinner intermediate PDMS stamp and by changing dimensions of
microchannels [167, 169].
Two liquids both with properties of water at 298 K were let through each inlet of the
micromixer. One of the liquids contains 1 mol/m3 of an imaginary species with an
arbitrary diffusion coefficient of 10-10 m2/s while the other is pure water. The inlet
boundary conditions were set at a constant velocity (0.9 cm/s).

No-slip boundary

condition was used for the walls. The outlet boundary condition was set at zero pressure.
The geometry was discretized using the physic-controlled mesh module of the software.
A multi-physics finite element model for an incompressible steady state flow consisting
of Navier Stokes equation in the laminar regime and convective diffusion was solved by
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Comsol at each node. Mixing was quantified by comparing the standard deviation of the
concentration profiles.

Figure 7.2 Schematic illustration of (a) the plain (b) one side patterned (c) three side
patterned and (d) four side patterned microdevices. The ratchets patterned on the
surfaecs are alligned at a 45° angle with respect to the direction of the channel.

7.3 Results and discussion
7.3.1 Structural characterization of fabricated devices
Figure 7.3(a) shows scanning electron microscope images of a 3D molded PMMA
substrate in which ratchet gratings are formed on the entire surface of the substrate.

109

Figure 7.3 SEM micrograph of (a) 3D substrate fabricated by the modified 3D
molding. (b) the cross section of the channel after solvent assisted boning.
(c) ratchets integrated inside the channel. (d) picture of the microxer with
patterned walls.
The 3D microchannel has the depth and width of 65.0 ± 2.0 µm
and 129.5 ± 4.9 µm, respectively. The ratchet structures in the bottom center of the
microchannel have the height of 3.5 ± 0.2 µm and are aligned at a ~ 45° angle with
respect to the direction of the microchannel. It is challenging to form an enclosed fluidic
chip via bonding a cover plate to the 3D molded substrate due to the presence of
microscale ratchet gratings formed on the top surface of the substrate. For bonding of a
PMMA cover plate to the 3D molded PMMA substrate, solvent assisted bonding is
preferred to thermal bonding which is mostly used in polymer microfluidic applications.
In thermal bonding, an elevated temperature close to the PMMA glass transition
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temperature (Tg) of 105 °C is used [138]. At this temperature, PMMA chains are mobile
and thus deformation of the molded microstructures can occur. In solvent assisted
bonding, on the other hand, a temperature lower than Tg of PMMA (85-95°C) is used.
Even though exposure to a solvent enhances softening of PMMA at the surface, only a
portion of the exposed PMMA cover plate in contact with 3D molded PMMA substrate
will deform during bonding, as demonstrated by Brown et al. [138]. Thus, ratchet
gratings formed on the microchannel walls can survive during bonding. Figure 7.3(b)
and (c) demonstrate the cross section of a 3D microchannel after bonding to a plain
PMMA cover plate where slanted ratchets are formed on the bottom surface and
sidewalls of the microchannel. The ratchet gratings on the bottom surface and sidewalls
of the microchannel are clearly visible, indicating that the solvent assisted bonding
process does not produce significant deformation on the integrated ratchet structures.
The height and width of the 3D channel after solvent assisted bonding were measured to
be 60.5 ± 0.7 µm and 121.5 ± 1.0 µm respectively and the height of integrated ratchet
gratings in the bottom center of the channel was 3.7 ± 0.3 µm. Compared to the
dimensions of 3D microchannel prior to bonding, the results indicate that the
dimensional variations upon the bonding process are less than 8 %. Figure 7.3(d)
illustrates a complete microfluidic chip with the 3D microchannel after connecting and
gluing the capillary tubes to the chip. Leak test results show no leakage around the 3D
channel, which in turn confirms that solvent assisted bonding is a suitable method to
form an enclosed fluidic system for 3D molded PMMA substrates.
7.3.2 Mixing of two liquids in 3D microchannels
After fabrication, DI water and a solution of a fluorescein dye in DI water were
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injected from separate inlets of the micromixer and their mixing behavior was studied
using confocal microscopy. Figure 7.4 shows cross-sectional confocal microscopy
images taken at different locations of 1, 3, 5, 10, 15, 20 and 28 mm from the T-junction
for four different 3D microchannels with ratchet gratings: (1) plain channel, (2) one side
patterned (top side), (3) three sides patterned (bottom and side walls), and (4) four sides
patterned (top, bottom and side walls). The volumetric flow rate in the main
microchannel is 10 µL/min that corresponds to a Reynolds number of 1.85. For a plain
channel the dyed water and pure water move side by side along the channel and mixing
is purely diffusive (Figure 7.4(a)). Advection is along the channel and is not useful for
transversal mixing.
When one or more sides of microchannel walls are patterned with slanted ratchet
gratings, the mixing mechanism will be a combination of diffusion and advection.
Ratchet gratings formed at a ~ 45° angle relative to the microchannel direction produce
a transversal component of advection for fluids adjacent to the ratchet gratings, which in
combination with the flow along the channel leads to formation of a secondary helical
flow. This can be clearly seen in Figure 7.4(b)-(d). The transversal component of flow
stretches and folds the liquids over the cross section of the channel, increasing the
interfacial area between fluids and cutting down the diffusion length. As a result,
mixing is improved compared to that for the plain channel.
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Figure 7.4 Confocal microscope pictures of cross section of plain channel, one
side patterned (top side), three sides patterned (bottom and side walls), and four
sides patterned (top, bottom and side walls) at 1, 3, 5, 10, 15, 20 and 28 mm
from the T-junction as deionized water and a solution of fluorescein dye in
deionized water were injected from separate inlets of micromixer were mixed
along the microchannel at volumetric flow rates of 10 µL/min.
The scale bar is 20 µm.
The secondary helical flow becomes even more pronounced when three sides of the
microchannel walls are patterned with continuous slanted ratchet gratings, which
improves mixing even more. Note that the gratings on two sidewalls are perpendicular
to each other (Figure 7.4(c)). This happens because continuous ratchets on the left (right)
sidewall in Figure 7.4(c) also create transverse downward (upward) flow, which helps
the fluids rotate faster as they move along the channel.
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Figure 7.5 Confocal microscope pictures of cross section of plain channel, one side
patterned (top side), three sides patterned (bottom and side walls), and four sides
patterned (top, bottom and side walls) at 1, 3, 5, 10, 15, 20 and 28 mm from the Tjunction as dyed water and undyed water were injected from separate inlets of
micromixer were mixed along the microchannel at volumetric flow rates of
40 µL/min. The scale bar is 20 µm.
For the microchannel with all sidewalls patterned, the ratchet gratings on the top
and bottom surface are parallel to each other and those on the two side walls are
perpendicular to each other. Consequently, the initial stretch of dyed fluid toward the
pure water side occurs at both top and bottom surfaces, forming a stack of two helical
flows above each other other in opposite directions. The helical flow formed on the
bottom of the channel is stronger than the one on the top as it is strengthened by
sidewall patterns. In this microchannel, almost complete mixing was achieved at a
distance of 10 mm from the T- junction, demonstrating that the two helical flows in
opposite directions enhance the fluid interface further and thus accelerate mixing. The
results also imply that the flow behavior of liquid in a microchannel can be modified by
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putting different surface textures on the channel walls. For example, putting gratings on
four sides of the channel walls in a zig-zag way would generate four local helical flows,
which can be used to improve mixing in microfluidics and also to deliver
biomolecules/nanoparticles to a specific spatial location within a microchannel cross
section. For such applications, the modified 3D molding technology provides a unique
tool to produce the desired structures in microchannels at low cost and with high
throughput.
We also studied the mixing behavior at a higher flow rate of 40 µL/min (Re = 7.4)
and the fluorescence micrographs are shown in Figure 7.5. A similar flow behavior is
observed but the degree of mixing becomes significantly lower compared to the results
obtained at a 10 µL/min flow rate.
The degree of mixing can be quantified by taking the standard deviation of the
normalized intensity from the cross-sectional confocal image at each location of the
microchannel. The standard deviation values for different 3D microchannels at 10
µL/min are shown in Figure 7.6(a). In general, the degree of mixing is in the increasing
order of plain microchannel < microchannel with one side patterned < microchannel
with three sides patterned < microchannel with four sides patterned.
Figure 7.6(b) compares the standard deviation versus location from the T-junction
for the plain channel and the 3D channel with three sides patterned at two different flow
rates of 10 and 40 µL/min. An increased flow rate for both cases increases the standard
deviation (or decreases the degree of mixing) at the same location of the microchannel.
However,

the

degree

of

mixing

in

the

3D

channel

with

three

sides

patterned a 40 µL/min is still significant and comparable to that in the plain channel
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at

10 µL/min, indicating that 3D channels are particularly useful for high flow rate
microfluidic applications.

Figure 7.6(a) The standard deviation (σ) of the normalized intensity in the
confocal image of the cross section of the channel at different locations for
microdevices with plain, one side, three side, four side patterned microchannel,
when the flow rate was 10 µL/min. (b) σ value versus location for the plain
channel and the 3D channel whose three sides are patterned at different flow
rates of 10 and 40 µL/min.
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Comparing the position of dyed water front in the microchannel with three side
patterned for two flow rates (Figure 7.4(c) and 7.5(c)), the degree of the spiral rotation
induced by the surface ratchet gratings is not much changed by varying flow rates. At a
higher flow rate, time for the fluids to reach a location in a microchannel and thus the
time for diffusion to occur becomes shorter for both plain and 3D channels. However,
as a result of the enhanced interface area between fluids by transverse fluid motion in
3D channels, the effect of increasing flow rate on the degree of mixing will be less
significant compared to that of the plain channel.
7.3.3 Comparison with simulation results
The experimental results are compared with the results of numerical simulations for
mixing in various 3D microchannels. The differences in the models used for simulations
from the actual structures used for experiments are described in Section 7.2.6. Despite
the differences, the numerical simulations provide qualitative comparisions with the
corresponding experiments. Figure 7.7 shows the concentration profile images for
mixing of two water-based liquids at different locations along the plain and various 3D
microchannels. Qualitatively, the simulation results are in good agreement with
experimental results in that stretching and folding of liquids over the cross section of the
channel is induced by integrated surface ratchet gratings. Comparing Figure 7.7(b) and
(c), it can also be observed that the rotation of fluids becomes enhanced when sidewalls
are patterned with ratchet gratings, which is also in agreement with experiments. When
ratchet gratings are also present on the top surface (Figure 7.7(d)), stretching of liquid at
the left side occurs at both top and bottom surface, in agreement with the experiments.
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Figure 7.7 Simulation results for the concentration profile alongside the channel
for (a) plain (b) one side, (c) three side, (d) four side patterned microchannel. A
T-micromixer composed of a 4000 µm long channel with a cross-section of 60
µm wide and 30 µm high was modeled. The ratchets placed at a 45° angle to the
long axis of the channel had a height of 6 µm and period of 75 µm. Flow
velocity was 0.9 cm/s.
Figure 7.8 shows the standard deviation of the concentration profiles shown in
Figure 7.7. Addition of ratchet gratings improves mixing significantly. Due to smaller
dimensions of the channel, larger size of integrated structures and a slower fluid
velocity, mixing occurs in a shorter length than what we observed in the experiments.
Based on the simulation results when ratchets are present mixing improves noticeably
as the liquid flows along the channel. Mixing is most efficient when the sidewalls and
bottom of the channel are patterned. However, incorporation of ratchet gratings to the
top of the channel (four sides patterned microdevice) does not improve mixing with
respect to the channel with three sides patterned, which is different from experimental
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results. This happens due to the smaller size of the channels which makes diffusion role
in mixing larger. Therefore before the fluid patterns for four side patterned micromixer
completely develop as observed in the experiments the mixing can proceed significantly
due to diffusion through the stretched interfaces.
Finally it should be noted that in most cases microfluidic designs are limited to
planar, layer-by-layer geometries that are imposed by current lithography based
techniques of microfabrication [7]. Using a modified 3D molding process, 3D patterns
can be imprinted easily in different thermoplastic polymers which are used widely for
low cost lab-on-a-chip applications and can be bonded using solvent assisted bonding to
fabricate a microdevice with patterned walls for mixing and other applications such as
cell capturing. Different structures including hierarchical micro and nanostructures with
different geometry and dimensions can be patterned on the wall of the channel and the
cover plate enabling manipulating flow patterns. The direction of the patterns such as
microgratings integrated inside the channel can also be controlled by setting different
angle between brass mold protrusion and micropatterns which are pre-patterned on the
surface of the thermoplastic polymer in the modified 3D molding process. The modified
3D molding process can also be used to pattern the walls of other types of the
micromixers such lamination mixers to improve their mixing performance even further.
These advantages makes the modified 3D molding process a suitable and powerful
technique for fabricating micromixers.
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Figure 7.8 Standard deviation of the concentration profiles along channel at
different locations for microdevices with plain, one side, three side, four side patterned
microchannel,

7.4 Conclusions
We studied the effect of the surface structures embedded on microchannel walls in
micromixers on the mixing behavior. Four different 3D micromixers with no side, one
side, three sides and four sides patterned with microscale ratchet gratings were
fabricated via a modified 3D molding and solvent assisted bonding. In plain channel
mixing occurs as the result of the diffusion at the interface of fluids which move side by
side along the channel. By adding ratchet gratings to the surface of micromixers flow
patterns could be manipulated. The strength of the helical flow induced by slanted
ratchet gratings intensifies by increasing the number of walls patterned by the ratchet
gratings, as observed for channels with one side patterned and three sides patterned
which enhances mixing by stretching and folding of fluids through increasing the
interface between fluids and cutting down the diffusion length. In a micromixer whose
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all sides are patterned and the ratchet gratings on the top and bottom surface are parallel
and on the side walls are perpendicular to each other, a stack of two helical flows forms
above each other causing one fluid to wrap around other fluid and push it across the 3D
channel. It was also found that increasing velocity has less effect on decreasing mixing
in a microdevice whose three sides are patterned compared to a plain microdevice.
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CHAPTER 8. FABRICATION AND
CHARACTERIZATION OF BIOMIMETIC
SUPERHYDROPHOBIC SURFACES
8.1 Introduction
Water droplet on some of the plant leaves such as lotus (Nelumbonucifera) leaf can
easily roll off and carry away dusts on their surface, a mechanism which is called as
self-cleaning [4]. It is proven that the surface of those leaves is covered by wax crystals;
a mixture of large hydrocarbon molecules which are hydrophobe intrinsically [170] and
it also has a very rough surface consisting of a dual scale roughness [4, 170]. In fact, the
combination of surface chemistry and surface topography effects is the cause of water
repellency of those leaves. Water repellency properties also have been observed for the
wings of some of the insects such as butterflies [171].
There are two generic states of wetting on rough surfaces, the Wenzel [172] and
Cassie [173] states. In the Wenzel state a droplet deposited on a rough surface fills
completely the grooves of the rough surface while in the Cassie state air pockets are
trapped under the surface of liquid droplet. As the result in Cassie state the liquid
doesn’t wet completely the surface area under the liquid droplet and a composite surface
consisting of air and solid substrate forms under the droplet. There are two requirements
for a surface to be superhydrophobic. The surface should have a very high static contact
angle, larger than 150°, and the sliding angle should be very low (very low contact
angle hysteresis) [174-176]. In Wenzel state droplets wet the surface completely and
therefore it cannot easily slide on the surface (sticky condition). In Cassie state the
droplet is in touch with solid only on top of asperities, thus reducing the dragging force
(friction) applied on the droplet. As the result, the droplet can easily move on the
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surface at a low sliding angle (slippery condition). Although both the Cassie and
Wenzel states can cause high static contact angles, only the Cassie state can lead to a
very low sliding angle. Therefore, a true superhydrophobic surface requires the Cassie
state.
Superhydrophobicity offers a range of potential benefits from drag reduction [121,
177], to self-cleaning [170, 178-180] and anti-oxidative surfaces [181, 182]. In addition
to affecting surface-liquid interactions, surface chemistry and topography have also
been shown to modify protein adsorption on a surface [183, 184]. Applications in optics,
such as anti-reflective surfaces [66, 179] and transparent superhydrophobic surfaces
[185] have also received interest. These diverse applications motivate the investigation
of effective methods to precisely engineer polymer surface chemistry and structure.
Various techniques have been employed to artificially produce superhydrophobic
surfaces. Bio-inspired superhydrophobic surfaces can be fabricated using different
methods such as solvent induced phase separation [186], electrochemical deposition
[187], electrohydrodynamic [188], template synthesis [69], growth of carbon nanotubes
[189] and sol-gel processing [190]. A summary of techniques used for fabrication of
superhydrophobic surfaces can be found in the reviews [174, 191, 192]. In one approach,
nanoporous anodized aluminum is used as a stamp for polymer molding. The anodized
aluminum is microstructured by a microworking robot using a tungsten carbide needle
[66], micro-indentation [193], imprinting with a hydraulic press [67], UVphotolithography [70], UV-photolithography combined with wet etching [69],
sputtering a protective mask followed by wet etching [68], or other microstructuring
technique. Combining microstructures with the nanostructuring that results from
anodization allows for the creation of a hierarchically structured stamp. Then, polymer
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molding processes such as injection molding [66, 67], casting [70], hot embossing [193],
or heat and pressure driven replication [68, 69] are used to replicate the stamp patterns
into polymers such as polycarbonate [66, 193], cycloolefin copolymer [67], poly(vinyl
chloride) [67], polydimethylsiloxane [70], polystyrene [68], or high-density
polyethylene [69]. Alternatively, Jeong et al [75] demonstrated the fabrication of
hierarchical structures in polyurethane acrylate by two step UV-assisted capillary
molding followed by vapor deposition of a trichlorosilane molecule. One of the
effective techniques for fabrication of superhydrophobic surfaces can be the replication
of natural or artificial superhydrophobic templates. Soft UV-nanoimprint lithography is
a soft imprinting technique that can be employed simply at room temperature and low
pressure to fabricate micro and nanostructures by UV in situ polymerization of
prepolymer which is imprinted by a soft mold in less than 10 s. Soft UV-nanoimprint
technique has been employed for patterning surfaces [101-107, 194] and can be an
appropriate tool for replicating superhydrophobic surfaces. PDMS has a combination of
properties which makes it a suitable candidate for soft UV-NIL. PDMS is optically
transparent down to 300 nm [22], it also has a low Young’s modulus (1.8 MPa) [136,
195] and

low surface energy (21.6 dyne/cm) [22]. The combination of flexibility of

PDMS and its low surface energy will ease peeling off PDMS from the imprinted
pattern and avoid damaging of imprinted pattern and cracking stamp during removing
stamp from imprinted area. In this study, we employ soft UV-nanoimprint lithography
for replication of natural and artificial superhydrophobic surfaces followed by silane
deposition

to

modify

surface chemistry. We also

will investigate the effect of

modification of surface roughness and surface chemistry on static contact angle, sliding
angle and bouncing behavior of water droplet on the cured UV-resin structures.
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8.2 Experimental
8.2.1 Preparation and fabrication of superhydrophobic template
Elephant ear leaf (Colocasiaesculenta) and hierarchical micropyramids were used as
a template for the fabrication of superhydrophobic surface as shown in figure 8.1.

Figure 8.1 Schematic illustration of the process used for the fabrication of
superhydrophobic surface using soft UV-nanoimprint lithography and silane deposition.
The natural leaf and artificially made superhydrophobic surface, hierarchical
micropyramids, were used as master mold for replication process.
Elephant ear leaf was cut with the size of 20 mm × 20 mm, pasted to a flat piece of
PMMA sheet and was used as a master mold. In order to fabricate hierarchical
micropyramids on UV-resin a multistep process was followed. Si master stamps with
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micropyramid-shaped cavities in a (100) Si wafer deposited with 100 nm thick layer of
silicon nitride using LPCVD (low-pressure chemical vapor deposition) were fabricated
using a combination of photolithography and wet etching techniques. First, a 1.3 µm
thick layer of positive photoresist (S1813, Shipley Co.) was spin-coated at 3500 rpm for
45 s on the substrate, which was treated with oxygen plasma in order to modify its
surface and dehydrated at 110 ºC, and subsequently a pre-exposure bake was performed
at 115 ºC for 60 s. Photolithography was done with a custom designed photomask
(Advance Reproductions Co.) in a UV exposure station (UL7000-OBS Aligner and
DUV exposure, Quintel Co.) at class 100 cleanroom. The exposed wafer was then
developed in MF319 developer solution (Rohm and Haas Co.) for 90 s, followed by
washing with deionized water for 5 min and drying with N2 gas. Any residual layer in
the recessed area of the resist patterns was removed by etching with oxygen plasma for
about 10 s. Then, the nitride layer on the substrate was patterned with square etch masks
using a plasma etch process at an RF power and chamber pressure of 150 watt, 20
mTorr, respectively. The flow rate of the SF6 gas was 45 sccm (standard cubic
centimeter per minute). The wet etching was performed in a glass beaker at 80 ±1 ºC in
35 wt% KOH solution added 5 wt% isopropyl alcohol (IPA). The solutions were made
by dissolving KOH pellets (85%, Fisher Scientific Inc.) in deionized water. In order to
prevent the change in concentration of the KOH solution because of evaporation, the
top of the beaker was closed with a polymer film (Parafilm). Subsequently, the barrier
nitride layer on the silicon surface was removed by hydrofluoric acid (48%, EMD
Chemicals Inc.) and it was cleaned in acetone, isopropyl alcohol and deionized water of
sonication bath for 5 min each. The etched micropyramids had a base with the size of
27×27 µm2 and a period of 46 µm.
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Then silicon having micropyramid-shaped grooves was used as stamp for pattern
transfer to UV-resin dispensed on the surface of glass slide [196]. Prior to pattern
replication, the silicon master surfaces were treated 20 minutes with a fluorinated silane
molecule (heptadecafluoro-1, 1, 2, 2- tetrahydrodecyl) trichlorosilane (C10H4Cl3F17Si)
purchased from Gelest in the vapor phase using a home built vacuum chamber in order
to reduce to reduce adhesion to the resin. Pattern imprinting was tried using a UVcurable polymer blend (resin) containing tripropylene glycol diacrylateas (TPGDA)
oligomer from Aldrich co., trimethylolpropanetriacrylate (TMPTA) as the crosslinking
agent from Aldrich co. and Irgacure 651 as the photo initiator from Ciba. The weight
ratio of oligomer, crosslinking agent and curing agent were 49 wt%, 49 wt% and 2 wt%,
respectively. Taking advantage of the low viscosity of the polymer, it was manually
dispensed on the surface of glass slide. The Si stamp was placed over the surface of
glass which was previously coated with the UV-resin. Finger pressure was applied to
the Si stamp to provide contact with the substrate. The UV-resin was exposed to UV
light from slide glass side for 10 s using a UV-lamp having the intensity of 1.8 W/cm2.
After UV exposure Si stamp was manually demolded from the printed UV-resin. The
replicated micropyramids had a base with the size of 27×27 µm2 and a period and
height of 46 and 17 µm. Then oxygen plasma etching process was performed to form
nanostructures on the surface of UV-resin micropyramids using Reactive Ion Etch
Series 800 Plasma System (Technics 800 Micro RIE). The reactive ion etching (RIE)
power and oxygen pressure were set at 150 W and 150 mTorr, respectively and the
surface of UV-resin micropyramids were treated for 20 minutes. The RIE treated UVresin structures were treated for 20 minutes with a fluorinated silane molecule described
earlier to reduce their surface energy.
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8.2.2 Fabrication of PDMS stamp for soft UV-nanoimprint lithography
The PDMS elastomer used was Sylgard

TM

184 purchased from Dow Corning. It is

supplied as a two-part kit: a liquid silicone rubber base (i.e. a vinyl-terminated PDMS)
and a catalyst or curing agent (i.e. a mixture of a platinum complex and copolymers of
methylhydrosiloxane and dimethylsiloxane) [22]. Silicon rubber base and curing agent
were mixed in a 10:1 mass ratio. In order to remove air bubbles from the mixture it was
vacuumed for 20 minutes. After removing air bubbles, the PDMS was casted on the
superhydrophobic surface of leaf or hierarchical micropyramid template. PDMS on
surface of leaf and hierarchical micropyramids were then cured at room temperature and
65° C in oven for 24 hours and four hours, respectively. During curing the liquid
mixture becomes a solid, cross-linked elastomer via the hydrosilylation reaction
between vinyl (SiCH=CH2) groups and hydrosilane (SiH) groups [22]. Once PDMS
was cured, it was peeled off from the superhydrophobic template manually.
8.2.3 Soft UV-nanoimprint lithography and surface chemistry modification
The PDMS stamp was placed over the surface of PMMA sheet with the size of
20 mm × 20 mm which was previously sanded with sand paper with grit number of 240,
cleaned with the air-gun and coated with the UV-resin. After dispensing few droplets of
UV-resin on the surface gentle finger pressure was applied to the PDMS stamp to
provide a conformal contact with the substrate. The UV-resin was exposed to UV light
from top of PDMS stamp for 10s using a UV-lamp having the intensity of 1.8 W/cm2.
After UV exposure PDMS stamp was manually peeled off from the imprinted UV-resin.
Sanding of PMMA avoided peeling off the imprinted UV-resin from PMMA substrate
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during peeling off PDMS from imprinted UV-resin structures. The same process
described in section 2.1was used for deposition of silane molecules on surface of
imprinted UV-resin.
8.2.4 Contact angle measurements
A contact angle analyzer (FTA 125, First Ten Ångstrom, Inc. Portsmouth, Virginia)
was used to measure static contact angles of water droplets on the samples prepared in
this study. The samples were placed on a stage and adjusted to an appropriate level. A
droplet is dispensed on the sample by a pipette. The image is captured immediately after
the droplet is placed on the sample for accurate measurement. The software
automatically analyzes the drop shape and computes the contact angle. For each sample
contact angle measurements were done 3 times with water droplets of a target volume
of 5 µL. The averaged values of contact angles were used for each data point. In order
to measure sliding angle water droplet with volume of 5 µL were placed on sample with
zero degree of tilting and then sample was tilted. The angle at which droplet slides on
surface was measured using a goniometer. Three measurements were done to define
sliding angle of each sample.
8.2.5 Recording of bouncing droplet
Reproducibility of droplet rebounding on all prepared superhydrophobic surfaces
was examined after the leveling had been carefully done with a spirit level (Digital
Torpedo Level, Craftsman, IL). Three de-ionized water droplets with the volume of 5
µL were released on different surfaces from two different heights of 3 mm and 28 mm.
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The image was captured at a frame rate of 1000 fps and at an exposure time of 100 µs
using a high speed camera (Kodak Ektapro 1000HRC).
8.2.6 Characterization
Hitachi S-3600N SEM (secondary electron, topographic mode) was used to
characterize microstructures.

8.3 Results and discussion
Figure 8.1 shows the process scheme used to fabricate superhydrophobic surface. In
the first step PDMS was casted on the surface of an elephant ear leaf or the artificially
made superhydrophobic template. After curing PDMS it was peeled off from template
and used as a stamp for UV-nanoimprint lithography. After UV exposure it was peeled
off from UV imprinted pattern and then imprinted pattern was coated by silane
molecules using a vapor deposition method.
Figure 8.2(a) and (b) shows the SEM picture of elephant ear leaf. The surface of the
elephant ear leaf is covered by microbumps and each bump is surrounded by a
microridge. The average midwidth and heights are 15 and 9 µm for microbumps and 7
and 8 µm for microridges. The distance between the center of microbumps and the
center of microridges are 17 µm. The microbumps and microridges and the valleys
between them are also textured by nanostructures. Figure 8.2(c) and (d) shows the
PDMS copy of leaf which is a negative replica of leaf. This PDMS copy of leaf was
used as a transparent stamp for soft UV-nanoimprint lithography. The nanostructures
which are in the form of protrusions on surface of leaf will appear in the form of
cavities in negative replica of leaf template. Due to collapse and pairing of PDMS
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nanocavities [22] can be blocked in some areas causing the amount of nanoroughness
on PDMS to decrease. Figure 8.2(e) and (f) shows the positive replica of the leaf
template. While the microbumps and microridges are similar to the microstructures in
the original template the amount of nanostructures on the surface has decreased as the
result of blocking of some of the nanocavities on the PDMS stamp. SEM investigation
of silane deposited UV-resin structures proved silane deposition does not change
surface topography and a surface with structures similar to what is shown in figure 8.2(e)
and (f) was achieved.
In figure 8.3 static contact angle and sliding angle of water droplet on surface of
elephant ear leaf, negative replica of leaf which was made of PDMS and positive replica
of leaf for both UV-resin structures with and without silane coating are shown. The
contact angle for the leaf template is 156± 8 ° and the sliding angle is 5 ±4 °.
The surface of the leaf has a double scale roughness due to epidermal cells that
creates bumps and ridges covered by epicuticular wax, which create nanostructure on
their top [170]. The liquid-air interface in Cassie state is metastable and a hierarchical
structure with a convex-shaped nanostructures prevents the destabilization of the liquidair interface by pinning the triple line. Also the mechanisms involved in
superhydrophobicity are scale dependent and thus roughness should be multiscale in
order to response to those mechanisms [197]. In addition, the wax crystal covering the
surface of the leaf is hydrophobe [170]. Therefore a combination of surface topography
and chemistry causes the surface of leaf to be superhydrophobe. The static contact angle
of water droplet on the negative replica of leaf template which was made of PDMS was
124 ±1° and it doesn’t slide on PDMS even at 90° tilting angle (sticks on the surface).
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Positive replicas of leaf template not coated and coated by silane vapor have static
contact angle of 151±8° and 154±8° and sliding angle of 14±4° and 12± 1°, respectively.

Figure 8.2 SEM pictures of the (a) and (b) elephant ear leaf template (c) and (d)
negative replica of the leaf template made of PDMS and (e) and (f) positive replica of
the leaf template made of UV-resin.
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Figure 8.3 Static contact angle (left half of the graph) and sliding angle (right half of
the graph) of water droplet on the surface leaf template
and its negative and positive replica.	
  
While the microstructures on UV-resin are similar to the structures on leaf template
the nanoroughness on the UV-resin is less than the leaf template due to partial blocking
of nanocavities on PDMS stamp. This can be a reason for decrease of contact angle and
increase of sliding angle compared to the leaf template. In addition, the UV-resin used
in these experiments is a hydrophilic material. The static contact angle of water droplet
on plain UV-resin was 74±1°. The fact that positive replica of leaf in a hydrophilic UVresin without silane deposition has a high static contact angel and a relatively low
sliding angle and silane deposition does not change those values significantly proves
that roughness plays a more important role than surface chemistry for causing water
repellency of the leaf replica.
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Figure 8.4 SEM pictures of the (a) and (b) hierarchical micropyramids (c) and (d)
negative replica of the hierarchical micropyramids made of PDMS and (e) and (f)
positive replica of the hierarchical micropyramids made of UV-resin. The scale bar of
inserted image is 500 nm.
Bioinspired artificial superhydrophobic surfaces can be fabricated and designed
specifically for desired applications using different techniques mentioned previously.
Using those artificial superhydrophobic surfaces as a template for replication can help
fabrication of superhydrophobic surfaces in a timely and cost effective manner. The
next set of experiments were designed to find out if an artificial superhydrophobic
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surface, hierarchical micropyramids, mimicking the surface structures of plant leaves
can also be used as a template for fabrication of the superhydrophobic surface using the
process illustrated in figure 8.1. An artificial superhydrophobic template was fabricated
based on the procedure explained in section 8.2.1. In figure 8.4(a) and (b), SEM picture
of superhydrophobic template is shown. The micropyramids had a base with the size of
23×23 µm2 and a period and height of 46 and 21 µm, respectively. The surface of
micropyramids is covered by nanostructures with the height and period of ~ 400, 400
nm, respectively. SEM picture of the negative replica of superhydrophobic template
which was made of PDMS is shown in figure 8.4(c) and (d). This negative replica of
superhydrophobic template was used as a stamp to transfer patterns to UV-resin to
fabricate the positive replica of superhydrophobic template. The SEM image of the
replicated structure is shown in figure 8.4(e) and (f).
The replicated micropyramids had a base with the size of 22×22 µm2 and a period
and height of 46 and 20 µm. The nanostructures on the micropyramid walls had the
height and period of ~ 320, 400 nm, respectively. Figure 8.5 shows static contact angle
and sliding angle on superhydrophobic template, negative replica of template made of
PDMS and positive replica of superhydrophobic template for two cases of silane coated
and not silane coated UV-resin structures.
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Figure 8.5 Static contact angle (left half of the graph) and sliding angle (right half of
the graph) of water droplet on the hierarchical micropyramid template and its negative
and positive replica.
To fabricate the artificial superhydrophobic master mold micropyramids were
replicated to UV resin from Si stamp and then treated with oxygen plasma and silane
coating. The contact angle of water droplet on UV-resin micropyramids without any
nanostructures was increased from 74±1° (plane UV-resin) to 99 ° due to the presence
of microstructures on surface. Micropyramids are unique compared to pillars due to
geometrical factors such as large bases and sharp apex however micropyramid
structures cannot achieve a superhydrophobic state due to the fact that Cassie state
cannot be maintained with this geometry [198]. The Laplace pressure as manifested by
meniscus of water droplet at the interface of water droplet and solid substrate (figure 8.6)
maintains the Cassie state by confining the water at the air and water interface.
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Figure 8.6 Water contact at surface structures with inclined sidewalls.
For two inclined walls the Laplace pressure can be calculated by equation (1) [198].
∆p = p − p! = −

γ cos(θ − α)
R ! + h tan α

(1)

where γ is the surface tension of water, θ is Young’s contact angle of liquid on the solid
surface, α is the inclination angle, h is the height as depicted in figure, R0 is half of the
width between base edges of two adjacent inclined walls, p is the pressure on the liquid
side of the meniscus, and p0 is atmospheric pressure. In metastable Cassie state applying
pressure on water droplet can induce collapse of the boundary between water and air
and therefore can cause a transition to Wenzel state. This transition pressure is related to
Laplace pressure and increases as Laplace pressure increases and vice versa. It is
implied from equation 1 Laplace pressure is reduced when α increases. Therefore
transition from Cassie to Wenzel state can happen in lower pressure for micropyramid
structures compared to pillars (α=0). Equation 1 also indicates that Laplace pressure
increases if the surface hydrophobicity indicated by θ increases. The value of θ can be
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increased by adding nanostructures to the walls of micropyramids and depositing silane
molecules on the surface.
In order to produce nanoroughness on micropyramids oxygen plasma etching was
employed. Oxygen plasma etching introduces nanostructures with the height and period
of ~ 400, 400 nm, respectively on the surface of the micropyramids and also alters the
surface chemistry by surface oxidation. It turns out after etching the surface becomes
superhydrophilic and the contact angle decrease to 8°. This happens due to the
appearance of polar groups following surface oxidation [199] and high surface
roughness due to the sputtering of micropyramids during etching [200]. By coating
silane on oxygen plasma treated micropyramids the surface changes from
superhydrophilic to superhydrophobic and the contact angle increase to 159±4°. In fact,
during silane deposition silane molecules form covalent bonds with the OH groups
formed on the surface during oxygen plasma [200]. Therefore due to simultaneous
effect of presence of silane molecules on the surface and its high amount of roughness it
becomes superhydrophobic. The contact angle of water droplet on the negative replica
of superhydrophobic template which was made of PDMS was 105±7°. The contact
angles of water droplets on the positive replica of the superhydrophobic template which
was made of UV-resin before and after silane coating were 147±5° and 160±2°,
respectively. It was found that water droplet sticks on the surface of positive replica of
hierarchical micropyramids which were not coated by silane forming a Wenzel state
while it slides on surface of the similar UV-resin structures which are coated by silane
at a very low sliding angle of 2±1° forming a Cassie state. This shows just by
nanopatterning of the micropyramid walls steady Cassie state cannot be maintained and
a lower surface energy is also required. The θ value for nanopatterned surface without
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silane coating was measured by etching a flat cured UV-resin surface and allowing
sufficient time for the hydrophobic recovery to occur, to let the surface chemistry return
to a near unmodified state. This allows for the opportunity to examine the effect of
surface topography with little change in the surface chemistry.

θ also was measured

for nanopatterned surface coated with silane by coating the surface with silane
immediately after oxygen plasma etching. The measured θ value for nanopatterned
surface without and with silane coating were 126±5° and 141±5°, respectively.

The

increase in θ on the nanopatterned walls as the result of silane deposition is the reason
for increasing the Laplace pressure and maintaining the Cassie state when the surface of
micropyramids are both nanopatterned and silane coated.
In practical applications of superhydrophobic surfaces, surfaces should sustain their
ability to repel impinging droplet under dynamic conditions. For example, studies of
bouncing droplets are of interest for the surfaces which are exposed to rain droplets. To
study bouncing behavior of water droplets de-ionized water droplets with the volume of
~ 5 µL were released on a flat surface, and surfaces with micropyramid and hierarchical
micropyramid structures. Those surfaces were all made of the cured UV-resin and
coated by silane. While the droplet landed on the flat and micropatterned surfaces
immediately wets the surface, the droplet released on hierarchical micropyramids
bounces over the surface. Figure 8.7(a) shows a typical sequence of a water droplet
impacting on the positive replica of hierarchical micropyramids with a static contact
angle of 160±2°. The needle height from the sample surface is 3.0 mm. The droplet
radius is 1.1 mm and the impact velocity for the first bounce is 0.12 m/s.
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Figure 8.7 Image sequences of water droplet bouncing off the replica of the hierarchical
micropyramids coated with silane when the droplet was released from needle height of
(a) 3 and (b) 28 mm. The initial impact velocities were 0.24 m/s and 0.71 m/s for (a)
and (b) respectively.
As the image sequences in figure 8.7(a) shows the droplet first deforms, spreads,
then retracts, and finally rebounds off the surface. As it further repeats, the droplet
remains on the surface while the self-oscillation still continues due to its elasticity. We
also increased the needle height to figure out whether the replicated hierarchical
micropyramids can resist a more severe droplet impact. Figure 8.7(b) presents the
snapshots of a water droplet with high impact speed (v! : ~0.71 m/s) rebounding on
positive replica of hierarchical micropyramids when a droplet was released at ~28 mm
needle height. Rebounding of droplet was consistently observed again. In this case due
to high impact velocity the maximum deformation of water droplet becomes more
significant during first bounce causing the droplet shape to become like a thin saucer.
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Then due to surface tension of water droplet it contracts forming a sharp cone and then
highly elongates forming a jet before detaching from the surface. After detaching waves
form along the jet and droplet shape changes to a deformed sphere. Small droplets are
also emitted during and after taking off. The deformed sphere then bounces off the
surface until it loses its kinetic energy. The way a water droplet with radius of R
deforms during its impact with a surface depends mainly on impact velocity v! . The
dimensionless Weber number, We = ρV! ! R/γ , compares the kinetic and surface
energies of droplet, where ρ and   γ are the liquid density and surface tension,
respectively. The larger the Weber number (impact velocity) the greater deformation
will be. The restitution coefficient, e,  of rebounding droplet is defined as the take-off
velocity to impact velocity ratio (e = v! /v! ). The height of the droplet defined as the
distance between center of the droplet and the substrate, h, and the value of   v!   and  v!
can be measured through the recorded images.

Figures 8.8(a) and (b) illustrates

vertical trajectory of water droplets shown in figure 8.7(a) and (b). Figure 8.8(c) shows
the restitution coefficient versus the v! and We!/! for droplets which are released
from 3 and 28 mm needle height. Due to external and internal friction loss during
droplet bouncing the maximum height after each bounce decrease as droplet bounces
over the surface. The decrease in the maximum height of the droplet is more significant
after first bounce when the droplet is released from 28 mm needle height. This happens
due to high value of We number causing large deformation of droplet during landing
and taking off and consequently more friction loss. As the result of frication loss the
value of the restitution coefficient is also always less than one and it decreases more
significantly if the impact velocity increases due to larger deformation of water droplet
and more kinetic energy dissipation. After droplet rests it shows static contact angle and
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sliding angle similar to the values observed for water droplet gently placed on surface
proving Cassie state still exists for the droplets which were released from 28mm needle
height.

Figure 8.8 Vertical trajectory of water droplet versus time when the droplet is released
from (a) 3 mm and (b) 28 mm needle height. (c) Restitution coefficient versus impact
velocity and Weber number.

8.4 Conclusions
Hydrophilic surface of UV-resin turned to superhydrophobic by replicating the
surface structures of natural leaf and artificially made superhydrophobic surface into it
and modifying its surface chemistry by silane deposition. Soft UV-nanoimprint
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lithography was used for pattern replication. While micropyramids alone due to their
inclination angle cannot maintain a stable Cassie state adding nanostructures to their
walls by replicating them from a superhydrophobic template with hierarchical
micropyramid structures and coating them with silane molecules help maintaining a
Cassie state and acquiring superhydrophobicity by increasing Laplace pressure. It was
found that static angle of water droplet increases from 74±1° (plain UV-resin without
silane coating) to 154±8° and 160±2° for the UV-resin positive replica of leaf and
hierarchical micropyramid template which are coated by silane molecules, respectively.
Water droplets also slides at low sliding of 12± 1° and 2±1°on those surfaces. Droplets
of water released from 3 and 28 mm needle height also keep bouncing off the replicated
hierarchical micropyramids without wetting it until they lose their kinetic energy.
Results show easy and fast fabrication of superhydrophobic surfaces can be possible by
replication of natural and artificial superhydrophobic templates using soft UVnanoimprint lithography and surface chemistry modification.
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CHAPTER 9. A UNIVERSALLY APPLICABLE METHOD
FOR FABRICATING SUPERHYDROPHOBIC
POLYMER SURFACES∗
9.1 Introduction
The fabrication of superhydrophobic surfaces, defined as surfaces possessing a
static water contact angle greater than 150° and a contact angle hysteresis or sliding
angle less than 10°, has received significant interest due to their large array of
applications. Non-wetting shows industrial applications such as contamination
prevention, anti-oxidation, and pressure drop reduction [201]. Their self cleaning nature
is desirable in photovoltaics, and their ability to produce a shear-free air-water interface
may drastically reduces the drag force in microfluidics [202]. These widespread
applications have motivated recent efforts to improve superhydrophobic surface
fabrication techniques.
The wetting state of rough surfaces can be described by the well-established Wenzel
[172] and Cassie-Baxter [173] models. The Wenzel model assumes that the liquid is in
intimate contact everywhere with the rough surface, completely filling any surface
pores or structures. The roughness factor in the Wenzel equation, in effect, enhances the
natural state of the material, giving hydrophilic surfaces a lower contact angle and
hydrophobic surfaces a larger contact angle. The Cassie-Baxter model introduces a new
wetting state in which the liquid may span across surface structures, leaving air pockets
beneath it.

∗

The air-water interface in the Cassie-Baxter model allows for very low

Reprinted from colloids and surfaces a physicochemical and engineering aspects with
permission from Elsevier.
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friction during droplet movement, leading to a low sliding angle. Although
both the Cassie-Baxter and Wenzel states can cause high static contact angles, only
the Cassie-Baxter state can lead to a very low sliding angle. Therefore, a true
superhydrophobic surface requires the Cassie-Baxter state.
Superhydrophobic surfaces have been achieved through the modification of both
surface chemistry and topography. Hierarchical scale roughness, in combination with a
low surface energy, has been shown to lead to superhydrophobicity [201]. Inspired by
nature, some earlier efforts to create superhydrophobic surfaces attempted to mimic
naturally occurring structures such as the lotus (Nelumbo nucifera) or elephant-ear
(Colocasia esculenta) leaf by using them as templates [175, 203]. A variety of
approaches for artificially fabricating superhydrophobic surfaces have also been
explored.

Techniques are widespread, and include solvent induced phase separation

[186], template synthesis [69], growth of carbon nanotubes [189], electrochemical
deposition [187], and sol-gel processes [190]. Many techniques create hierarchical scale
surface roughness, and several make use reactive ion etching (RIE) to create
nanoroughness on a microfabricated surface [77-79, 204-213]. Techniques for
fabricating superhydrophobic surfaces have been summarized in the following reviews
[174, 192, 214].
A focus on creating superhydrophobic surfaces in polymer substrates arises from
their potential applications in low cost microelectromechanical systems (MEMS)
devices, point-of-care bioanalytic devices, and microfluidics. The fabricated
superhydrophobic surfaces can be incorporated in microfluidics as top and bottom
substrates [5, 215, 216].

Polymers are cheap, disposable, and have a wide range of

properties, allowing for varying design requirements, as well as providing a number of
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low cost fabrication methods such as casting and hot embossing. Most techniques
reported to produce superhydrophobic surfaces in polymer substrates rely on creating a
master stamp with hierarchical micro and nanostructures and transferring the stamp
pattern to a polymer by a molding technique [70, 193]. While these techniques have
their uses, the nanostructures in the hierarchical structures are usually low aspect ratio
and thus the resulting water contact angles are around 140° [66, 67, 193]. In addition,
the modality of polymers varies and thus molding techniques cannot be applied to all
polymers. Recently, the d’Agostino and Gogolides research groups separately reported
the use of plasma treatment in the fabrication of superhydrophobic surfaces in various
polymer substrates such as poly(methyl methacrylate) (PMMA), polystyrene (PS),
polydimethylsiloxane (PDMS) and SU-8 [204-213]. While plasma produced from
fluoro gases (CF4, C4H8, C3F6O, SF6) fluorinated the etched surfaces, an extensive
plasma treatment enough to produce dual level surface roughness was required in their
process. Nilsson et al. recently proposed a method of sanding Teflon to create a
superhydrophobic surface. Mainly creating microscale roughness on the surface,
sanding enables reduction of process time and cost significantly [217]. They have
demonstrated the viability of this process, but used a specific method which applied
only to Teflon, a hydrophobic polymer. In this work, we extend this method by
inclusion of a simultaneous modification of surface chemistry and topography. By
combining sanding with O2 plasma, the process time for plasma treatment to achieve
dual level surface roughness can be significantly reduced. Surface chemistry was
modified by the use of a fluorinated silane coating, which is more easily accessible than
plasma from fluoro gases. By this modified process, we are able to expand this
fabrication technique, allowing it to be applied universally to any polymer
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surfaces in

large area. We first demonstrate the successful use of our technique on PMMA, and
then show it can also be applied to COC and PC.

9.2 Experimental
PMMA was purchased from United States Plastic, Lima, OH. COC was purchased
from TOPAS, Florence, KY. PC was purchased from Modern Plastics, Bridgeport, CT.
Plane PMMA of thickness 3 mm was cut by a band saw into dimensions of 1×3 cm2.
For investigations on COC and PC, samples were 1 mm and 3 mm thick, respectively.
They were also cut into sizes of 1×3 cm2. The PMMA samples were cleaned by an air
gun.

The samples were sanded (scratched) manually using aluminum oxide sand paper

of grit size 240. A uniform, reasonable force was applied manually to each sample to
impart, as consistent as possible, a surface roughening. After sanding, the samples were
again cleaned by an air gun to remove any dust left over from sanding.
The samples were then treated by a Technics MICRO-RIE series 800 machine.
Reactive ion etching (RIE) using oxygen plasma was performed; etching was done at
150 W for times of 1, 3, 5, 10, and 20 minutes. In the case of 20 minute RIE time,
etching was performed for 10 minutes and then stopped for 5 minutes to allow the
chamber to cool; then etching was resumed for the final 10 minutes. For each sample,
immediately following its RIE treatment, it was coated with a fluorinated silane
molecule in a home-built silane vapor deposition chamber [218]. The silane used for
deposition

was

(heptadecafluoro-1,

1,

2,

2-

tetrahydrodecyl)

trichlorosilane

(C10H4Cl3F17Si) purchased from Gelest. The samples were inserted into a vacuum
chamber, which was then vacuumed to a base pressure of 0.015 Torr. Upon reaching the
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base pressure, the chamber was sealed and a valve was opened to allow the silane to
vaporize and fill the chamber. After opening the valve to the silane, 20 minutes was
measured, giving a silane coating time of 20 minutes. After this time elapsed, the
pressure in the chamber was 0.034 Torr. Following silane coating, the samples required
at most one hour before exhibiting a superhydrophobic nature. The samples were stored
in closed containers at ambient temperature (approximately 24-28 °C) The same process
was followed for investigations on COC and PC.
Static water contact angles were measured by using a pipette, mounted above the
samples, to drop droplets of volume 8.0 ± 0.5 µL. Droplets were placed on the left,
center, and right sides of samples, so as to not show preference to any specific location
on the sample. A minimum of three measurements was taken to calculate the average
contact angle on each sample. Images of the droplets resting on the samples were
analyzed using the contact angle analysis system FTA 125, First Ten Ångstrom, Inc.
Portsmouth, Virginia.
Sliding angle measurements were performed by dropping constant volume droplets
onto a sample resting on a manual goniometer. The goniometer used was model
07GON504 from CVI Melles Griot. The stage was leveled by placing a digital level in a
left-right and top-down manner, and along both diagonals of the stage. The goniometer
was then tilted, taking care to increase the tilt angle slowly and smoothly. Jolting the
droplets, which causes them to slide prematurely, was avoided. The same pipette used
for contact angle measurements was used to drop droplets of equal volume (8.0 ± 0.5
µL) onto the samples. A minimum of five measurements of the sliding angle were
performed for each sample. Sample surfaces were investigated by use of a JEOL JSM840A scanning electron microscope (SEM).
148

9.3 Results and discussion
A schematic depicting the fabrication process for creating a superhydrophobic
polymer surface is shown in figure 9.1. First, a plain polymer surface is manually
sanded to roughen the surface mainly producing microscale surface roughness. Next,
the surface is treated by O2 RIE. The RIE process introduces nanoscale roughness into
previously formed microscale roughness, realizing a dual-scale or hierarchical
roughness and, simultaneously, prepares the surface for the subsequent fluorinated
silane coating by introducing reactive surface groups. Finally, a fluorinated silane is
adsorbed by vapor deposition, yielding the desired superhydrophobic surface.
The microscale surface roughness produced by manual sanding was reproducible,
mostly depending on the grit number of the sand paper used. Nilsson et al. reported that
while surface roughness of sanded Teflon samples increases with decreasing grit
number (or increasing particle sizes on the sand paper), the minimal contact angle
hysteresis between advancing and receding water contact angles (150°/146°) was
obtained with an intermediate grit number of 240 [217].

The root mean square (RMS)

surface roughness reported for the sanded Teflon with this grit number was 13.7 µm.
Therefore, in the present work we used a fixed grit number of 240 for the sanding
process for microscale surface roughness.
The O2 RIE process following sanding induces both chemical and physical
modification of the PMMA surface through strong interactions with various particles
existing in the plasma which include electrons, ions, radicals and neutral molecules. In
order to investigate the effect of O2 RIE on the generation of nanoscale surface
roughness, we used our standard RIE recipe (DC power = 150 W and gas pressure of
150 mTorr) and varied the RIE time. SEM images characterizing sanded (top three
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images: a-c) and unsanded (bottom three images: d-f) PMMA samples for different O2
RIE time are shown in figure 9.2. The images were taken one day after fabrication.
Images, from left to right, correspond to samples which were O2 RIE treated for 1, 5,
and 20 min. In both (sanded and unsanded) cases, as the RIE time increases, a greater
degree of roughness is produced. In the case of unsanded samples, RIE treatment
produces porous structures. At longer RIE times, these pores can merge, both enlarging
the pores and reducing their overall number. For sanded samples, on the other hand, the
RIE treatment does not form pores, but instead creates a nanoscale roughness on top of
sanded microstructures, resulting in hierarchical micro and nanostructures, a
prerequisite for achieving a superhydrophobic surface

Figure 9.1 Schematic diagram of the process used for fabricating superhydrophobic
surfaces on polymers. (a) plane sample, (b) sample after sanding. The samples were
sanded by hand using aluminum oxide sand paper of grit size 240. (c) sample after RIE
treatment. RIE using oxygen plasma was performed; etching was done at 150 W for
times of 1, 3, 5, 10, and 20 minutes, and (d) sample after silane vapor deposition.
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Figure 9.2 SEM images of sanded (a,b,c) and unsanded (d,e,f) PMMA samples for
RIE times of: 1 (a,d); 5 (b,e); and 20 (c,f) minutes. Images are taken one day postfabrication. Insets show higher magnification of their respective sample.
Static water contact angles and sliding angles measured on these samples (after the
fluorinated silane coating) as a function of increasing RIE time are shown in Figure 9.3.
As the RIE time increases, the contact angle on a sanded surface increases to a value of
151.0 ± 2.4°. The measured static contact angle values were taken by a software
program which fits the perimeter of the droplets images and finds their contact angle.
However, as can be seen in the inset of Figure 9.3(a), the actual contact angle is
consistently larger by approximately 5°. The sliding angle value decreases with
increasing RIE time, reaching a final value of 1.8 ± 0.7° at 20 min of RIE time. The
results indicate that 5 min RIE time after sanding is sufficient to generate hierarchical
micro and nanoroughness required to achieve superhydrophobic surfaces.
Figure 9.3(a) also includes the water contact angle as a function of RIE time for
unsanded samples (also after the fluorinated silane coating), which contain only
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nanoscale roughness produced by RIE. The water contact angle for unsanded samples
was significantly lower than that for sanded samples even after 20 min RIE time. This
indicates that without sanding, the Cassie-Baxter wetting state for superhydrophobicity
cannot be achieved solely by the generation of nanoscale roughness. The results also
corroborate with the fact that the existence of hierarchical structures greatly improves
hydrophobicity [197, 201, 219].

Figure 9.3 (a) Static water contact angle as a function of RIE time for sanded and
unsanded samples. (b) Sliding angle as a function of RIE time on sanded samples. All
measurements were taken on PMMA samples one day post-fabrication. For 1min RIE
time, the 90° sliding angle indicates the droplet sticking to the sample surface (no
sliding at any tilt angle.) For unsanded samples, sticking occurred at all RIE times (no
droplet sliding).
The stability of the PMMA superhydrophobic surfaces fabricated by the proposed
method was studied via SEM and static water contact angle measurement with aging
time after fabrication. Figure 9.4 shows SEM images of PMMA samples which had
aged 90 days after fabrication. RIE time was 20 minutes, and both sanded and unsanded
samples are shown. For unsanded samples, the number of pores at day 90 has
significantly decreased from that at day 1. Some smaller pores seem to close and merge
with nearby pores, which can be attributed to a polymer relaxation process (Figure
9.4(b)). In the case of sanded samples, however, there is no significant decrease in
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visible roughness, which indicates that the hierarchical micro/nanoscale surface
roughness required for superhydrophobicity is retained despite the presence of polymer
relaxation.

a

b

Figure 9.4 SEM images of sanded (a) and unsanded (b) PMMA samples, both of
which were RIE treated for 20 minutes. Images were taken 90 days post-fabrication.
Figure 9.5 shows static water contact angle as a function of aging time after
fabrication. The sample used for this study is PMMA treated with 20 min O2 RIE and
the fluorinated silane coating. It can be seen that for both sanded and unsanded samples,
the contact angle does not change significantly with aging time. We also investigated
sliding angles after 90 days of aging, which showed a minimal increase by ~ 5°. The
continued superhydrophobicity indicates the stability of both the chemical and physical
modifications created by the proposed method.
It is also worth noting that, immediately following the silane coating, the samples
do not exhibit a hydrophobic nature. It requires at most one hour before the samples
become superhydrophobic. We believe that re-orientation of the hydrophobic fluoroalkyl branches of silane molecules which are covalently bonded to the RIE treated
surface occurs. It is also possible that 3-D cross-linking between neighboring silane
molecules in the form of Si-O-Si bonding can occur, creating a polymer network. This
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would also improve the stability and extent of surface coverage of the silane groups.
Some combination of these effects can explain the observed time required between
silane coating and surface superhydrophobicity.
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Figure 9.5 Static water contact angles as a function of time after fabrication for
sanded and unsanded PMMA samples.
After
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superhydrophobic surfaces and their stability with PMMA, the next question is whether
the developed process is applicable to other polymer materials. Since the micro and
nanoscale roughnesses are readily controllable by selecting an appropriate sand paper
and RIE conditions, the remaining issue is how much the chemical modification by a
combination of RIE and the fluorinated silane coating contributes to the increase in
surface hydrophobicity with respect to what the physical modification via sanding and
RIE does. This is because different amounts of reactive groups where silane molecules
can bind will be formed for different polymer materials and this will result in different
nominal coverage of the silane coating. In an effort to understand the effect of physical
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modification decoupled from that of chemical modification, static water contact angles
were measured as a function of aging time for the PMMA samples sanded and treated
with O2 RIE for 3 and 20 minutes (without silane coating). After allowing sufficient
time for the hydrophobic recovery to occur, the surface chemistry returns to a near
unmodified state. This allows for the opportunity to examine the effect of surface
topography with little change in the surface chemistry. This is presented in Figure 9.6.
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Figure 9.6 Static water contact angles as a function of time after fabrication
for PMMA samples that received only sanding and RIE treatment, without a fluorinate
silane coating. The horizontal line shows unmodified (pristine) PMMA for reference.
It is seen that immediately following fabrication, the sanded and RIE-etched PMMA
samples exhibit a hydrophilic nature due to formation of free radicals and polar groups
on the surface and enhanced roughness. Then the samples experience a hydrophobic
recovery with an increase in the contact angle while the hierarchical surface roughness
is retained as shown in Figure 9.4. The mechanisms of the hydrophobic recovery
include the reaction and diffusion to the bulk of surface free radicals, and diffusion or
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reorientation of polar surface groups into the bulk [199, 220-223]. After a period of 7
days, the 20 minute etched sample approached a contact angle of 130°, an increase of
55° from its unmodified contact angle of approximately 75°. The samples were
measured again after 90 days, and show no substantial change occurring between days
11 and 90. By including silane coating, the contact angle reaches its highest value at
151°; however, this shows that modifying the surface chemistry results only in a contact
angle increase of about 20°. Even though our discussion is qualitative, the results
indicate that surface topography contributes more to the formation of superhydrophobic
surfaces than the surface chemistry does and that the process developed in the present
work can be extended to other polymeric materials.
As can be seen from Figure 9.6, our method is a general fabrication process that can
be successfully applied to other polymers, such as COC and PC. While the quality of
the silane coating will vary based on RIE conditions and the polymer’s chemistry, the
hierarchical roughness resulting from sanding and RIE is universally applicable to all
polymers. As the surface topography plays the major role in determining
superhydrophobicity, the proposed fabrication process should be universally applicable.
In Figure 9.7, graphs for COC and PC show water contact angle measurements as a
function of RIE time on each sample. The static water contact angle on pristine COC
and PC were 78.8 ± 2.2° and 82.3 ± 3.0° respectively. Data for sanded and unsanded
samples immediately following fabrication are shown.
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Figure 9.7 Static water contact angles as a function of RIE time for COC (top) and
PC (bottom).
Once again, the contact angles improve with increasing RIE time, and the sanded
samples exhibit significantly higher contact angles. Contact angle measurements
performed on these samples after 90 days of aging showed no measureable loss in
hydrophobicity. Sliding angle measurements performed on samples RIE treated for 20
minutes showed angles well below 10°. Thus, superhydrophobic surfaces were
successfully obtained on both COC and PC polymer surfaces using
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our

fabrication

method, showing its potential as a universal method to create superhydrophobic
polymer surfaces.

9.4 Conclusions
We developed a simple process by a combination of sanding, O2 RIE and
fluorinated silane coating to produce superhydrophobic surfaces in polymer substrates.
The sanding and O2 RIE treatment create a hierarchical scale roughness on any polymer
surface while the combination of activation by O2 RIE and subsequent silane coating of
the surface allows for an effective surface chemistry modification. This process
combines these beneficial effects to easily fabricate a superhydrophobic surface on
COC, PC and PMMA polymer surfaces, which clearly shows that the proposed
fabrication technique effectively creates a superhydrophobic surface and can be applied
universally to various polymers.
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CHAPTER 10. LOW COST FABRICATION OF A
SUPERHYDROPHOBIC V-GROOVED
POLYMER SURFACE∗
10.1 Introduction
The design of micro and nanoscale structures and chemistry for superhydrophobic
surfaces has given rise to a broad range of applications which ranges from drag
reduction [177] and improved mixing in microfluidic devices [224], to self-cleaning
[178, 179] and anti-oxidative surfaces [181]. Hierarchical or dual scale micro and
nanostructures (or roughness) together with chemical modification are believed to
enhance the surface hydrophobicity, leading to a focus on the development of low cost
fabrication methods for 3D or combined micro and nanoscale structures.
Water contact angles on a rough surface are usually described by either Wenzel
[172] and Cassie-Baxter [173] models. In the Wenzel model, the liquid is in intimate
contact everywhere with the rough surface while the Cassie-Baxter model introduces
the idea of a partially supportive air pocket between the roughened surface and the
liquid. In the Cassie-Baxter wetting state, the liquid droplet may only contact a small
fraction of the rough surface, leading to very low friction between the surface and
droplet, and consequently a low sliding angle. For this reason, a true superhydrophobic
surface requires the Cassie-Baxter wetting state.
Fabrication of superhydrophobic surfaces in polymers has drawn significant
interests due to low cost fabrication modalities, such as hot embossing and injection

∗
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molding, as well as the versatility in the selection of an appropriate material due to the
availability of a wide range of different polymers. In one approach, nanoporous
anodized alumina is used as a stamp for polymer molding to produce nanoscale surface
roughness, which was combined with various methods to add microscale roughness to
the surface such as micromachining using a tungsten carbide needle [66], microindentation [193], and imprinting with a hydraulic press [67]. However, water contact
angles measured on those polymer surfaces even with hierarchical micro and nanoscale
surface structures are reported to be around 140°, much lower than those reported on
silicon-based substrates with similar surface roughness. Jeong et al. recently showed
that water contact angle increases as the spacing-to-width ratio for microstructures of
the hierarchical micro and nanostructures increases, in agreement with the CassieBaxter wetting model. They also demonstrated superhydrophobic structures in
polyurethane acrylate with contact angles larger than 160° [75]. Therefore, the literature
survey indicates that design of microstructures in hierarchical micro and nanostructures
is more critical to the development of superhydrophobic polymer surfaces.
In this work, we show a clever combination both in the design of microstructures
and in the development of fabrication process, with the aim being to achieve
superhydrophobic surfaces in polymer materials at low cost and with high throughput.
In order to increase the spacing-to-width ratio for microstructures, a brass mold with Vgrooves of 200 µm period and 100 µm depth was designed and fabricated. For low cost
fabrication, hot embossing for microstructures was combined with O2

reactive etching

and hydrophobic coating for nanoscale roughness and modification of surface chemistry,
respectively.
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10.2 Experimental
The symmetrical V-grooves with period of 200 µm and depth of 100 µm were
fabricated in a brass sample by a KERN MMP2522 micro-milling machine. This brass
sample with V-grooves was used as a mold for the subsequent hot embossing process to
produce microscale surface roughness.
For hot embossing, a poly(methyl methacrylate) (PMMA) sheet used as substrate
was placed on top of the brass mold. A slight load was placed on the specimen by
tightening the handle, the set temperature was increased to 165ºC and the setup was left
to heat for 5 minutes. A load of 3 tons was then applied for an additional 5 minutes.
Upon completion of molding, the temperature was decreased to 70°C and the PMMA
sample was demolded from the brass mold.
The samples were then treated by reactive ion etching (RIE) in a Technics MICRORIE series 800 machine using O2 gas. The RIE power and O2 gas pressure were set at
150 W and 150 mTorr respectively. Total etch time for the samples was 20 minutes. For
each sample, immediately following its RIE treatment, it was coated with a fluorinated
silane, (heptadecafluoro-1, 1, 2, 2- tetrahydrodecyl) trichlorosilane (C10H4Cl3F17Si)
from Gelest in a home-built silane vapor deposition chamber. Following silane coating,
the samples required at most one hour for becoming superhydrophobic. The samples
were stored in closed containers at ambient temperature (approximately 24°C-28°C).
Sample surfaces were investigated by use of a JEOL JSM-840A scanning electron
microscope (SEM). Static water contact angles were measured by using a pipette,
mounted above the samples, to drop droplets of volume 8.0 ± 0.5 µL. Droplets were
placed on the left, center, and right sides of samples, so as to not show preference to any
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specific location on the sample. A minimum of five measurements were taken to
calculate the average contact angle on each sample. Images of the droplets resting on
the samples were captured using the contact angle analysis system (FTA 125, First Ten
Ångstrom, Inc. Portsmouth, Virginia). For superhydrophobic surfaces, contact angles
were calculated manually, as the computer software tended to underreport the angles.
To record bouncing of water droplets on the samples water droplets with volume of
8 – 10 µL were released from height of 3.5 mm respect to the sample surface. The high
speed camera (Kodak Ektapro 1000HRC), which has a maximum frame rate of 1000
fr/s and minimum exposure time of 50 µs, was used to capture images during droplet
impact on the surface.

10.3 Results and discussion
Figure 10.1 shows a schematic of the fabrication process for creating a
superhydrophobic polymer surface. In the first step, PMMA is micropatterned by hot
embossing with a brass mold, which creates microscale V-grooved surface roughness.
The subsequent O2 RIE step adds nanoscale surface roughness to the micropatterned
PMMA surface. Finally, fluorinated silane molecules are coated on the surface by vapor
deposition. All the processes employed in this fabrication are parallel methods and
require a reasonable cycle time for high throughput production.
Figure 10.2 shows SEM images of the fabricated PMMA surfaces. Images of
PMMA surfaces V-grooved by hot embossing are shown in figure 10.2(a). Images of
the PMMA surfaces after O2 RIE treatment are shown in figure 10.2(b). For both cases,
rough milling marks are seen on one of the V-grooved faces, inherent
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from the micro-

milling process that we have adopted for the fabrication of the brass mold. This
indicates good replication fidelity from the brass mold insert to the imprinted PMMA.

Figure 10.1 Schematic of the process used to fabricate a superhydrophobic surface.
The O2 RIE treatment increased the degree of roughness on the surfaces of the
microstructures, as can be seen in figure 10.2(b). Introducing surface free radicals,
hydroxyls, carbonyls, and carbonates, the O2 RIE process on polymer surfaces not only
oxidizes a thin surface layer, but also removes the damaged polymer chains [225]. The
inserts in figure 10.2(a) and (b) show water droplet resting on the sample surfaces.
Contact angle measurements were taken from two views; the first view looks down the
direction of grooves (parallel to grooves) and the second view, rotated 90° from the first,
looks across the grooves (perpendicular to grooves.). For the microstructured polymer
surfaces the static contact angle of water droplet perpendicular and parallel to the
direction of micropatterns are 65±4 and 104±9º respectively. On the other hand, water
contact angles for the hierarchical polymer surfaces after the fluorinated silane coating
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increases to 159±4º, not affected by the orientation of the sample surface, having equal
contact angles when viewed parallel or perpendicular to the grooves. The image clearly
shows the existence of air pockets between V-grooves that partially support the droplet,
demonstrating that the Cassie-Baxter wetting state is achieved on the surface.

Figure 10.2 Cross section and top view of (a) microstructures imprinted by brass mold.
(b) hierarchical structures fabricated by imprinting by brass mold and then etching by
oxygen plasma. The fabricated hierarchical structures were silane coated. The inserts
show water droplet resting on sample surfaces.
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Figure 10.3 Bouncing behavior of water droplet on (a) microstructures
(b) hierarchical structures coated by silane.
Figure 10.3 shows images captured during droplet bouncing tests. The needle height
to drop water was 3.5 mm and the corresponding impact velocity and Weber number
(We) was 26.2 cm/s and ~ 0.8, respectively. We is defined as We =

!!! !! !
!

, where ρ,

D! , v! and γ is density, initial diameter, initial velocity and surface tension,
respectively and indicates the ratio between kinetic energy to surface energy. Even
under the dynamic situation where droplets impact the surface with an impact velocity
of 26.2 cm/s, an apparent air gap between the bottom surface of the drop and the Vgroove valleys in both the spreading and recoiling process was seen for the PMMA
surface with dual level surface roughness, indicating a strong water repellent property.
The contacts only occur at the top ridges of the V-grooves. Slightly directed rebounding
from the rough side to the smooth side of the grooves was also observed, which is
attributed to the surface tension gradient produced by the local surface roughness
difference of the groove surface. On the other hand, surfaces that are only
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microstructured show that the droplet fully wets the surface, following the Wenzel
regime.

10.4 Conclusions
The described fabrication process that combines hot embossing, O2 RIE and a
fluorinated silane coating creates a hierarchically roughened polymer surface for
superhydrophobicity. Droplets resting on the surface as well as the bouncing tests also
clearly demonstrate the surface wets in the Cassie-Baxter state with the air-packets
maintained. The process that was developed is a low cost and high throughput method,
which can be extended to the production of superhydrophobic surfaces in various
polymers.
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CHAPTER 11. CONCLUSIONS AND FUTURE WORK
11.1 Conclusions
This study aims to develop a process which allows 3D integration of micro and
nanostructures in microchannels. Technically, we have established the fabrication
process for large area integration of hierarchical micro and nanostructures in
microchannels. This novel process which is called 3D molding takes advantage of an
intermediate thin flexible stamp such as PDMS from soft lithography and a hard mold
such as brass from hot embossing process. It is demonstrated using this technique it is
possible to integrate any arbitrary structure inside channel including the hierarchical
structures available on an elephant ear leaf surface. It was found the dimensions of the
brass mold structures drastically impact the strain behavior of the PDMS stamp and
elongation of the imprinted structures in the 3D channel. Increasing the height and
decreasing the period of brass mold protrusions leads to higher total strain of the
intermediate PDMS stamp and subsequently imprinted structures in the 3D molded
channel. The aspect ratio of 3D molded channels is always less than that of the
corresponding brass mold protrusions. For a given height of brass mold protrusion this
deviation will be less when the width of the brass mold increases (aspect ratio decreases)
and/or the thickness of intermediate PDMS stamp decreases. Experimental as well as
simulation results show that, at a given height of protrusion, increasing the width of
brass mold protrusion or in other words decreasing the aspect ratio of brass mold
protrusion causes the maximum local strain of the intermediate PDMS stamp to shift
from the bottom center of the 3D channel to the corners, resulting in a less elongation of
imprinted patterns in the bottom center of the 3D channel. A modified 3D molding
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process which is called 3D nanomolding is developed which allows nanopatterning the
surface of small microfeatures. The key to this novel process is the use of an ultrathin
PDMS intermediate stamp formed in situ via spin-coating and curing of PDMS
prepolymer on the pre-nanostructured PMMA. Using 3D nanomolding process and
solvent assisted bonding microdevices with patterned walls were fabricated. It was
shown that using surface structures embedded inside the channel flow patterns can be
engineered to improve mixing. New techniques which allows large area fabrication of
superhydrophobic surfaces on polymers using sanding/molding, reactive ion etching
and silane deposition are developed. By combining 3D nanomolding process and these
techniques we are planning to fabricate channels with superhydrophobic surfaces on all
walls to reduce dragging force applying on the fluid during flow in a microfluidic chip
and decrease the pressure drop. The integrated structures in microchannels are also
envisioned to improve cell capture inside the microchannels by increasing the surface
area. In order to completely fulfill the goal of this study, further experiments should be
designed to fabricate chips with patterned surfaces in a high throughput fashion for
decreasing the pressure drop and enhancing cell capture. Following are the proposed
future works to accomplish this task.

11.2 Future work
11.2.1 Fabrication of 3D structures using 3D stamp
Replica molding can be used to fabricate 3D structures using 3D nanopatterns
fabricated by 3D nanomolding as a template. Previously 3D stamps with undercuts were
used for 3D fabrication [24, 25]. Initially we attempted to use soft PDMS replica of 3D
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structures as a 3D stamp for fabricating 3D structures in PMMA and UV resist. While
the 3D structures could be successfully transferred to UV resist by gently pressing the
3D soft PDMS in UV resist and UV exposure the fidelity of nanopatterns in 3D
structures in PMMA fabricated by thermal nanoimprint lithography was not quite good
(the results are not shown). This happens due to applying pressure and heat during
thermal imprinting which causes the collapse of the nanopatterns in soft PDMS stamp.
In order to overcome this problem a hybrid stamp made of hard and soft PDMS was
used as a 3D stamp. In fact, in this stamp the 3D structures were made of hard PDMS
while they were supported by a flexible support made of soft PDMS. This hybrid 3D
stamp was used for thermal nanoimprint lithography in PMMA substrate for 10 times.
Figure 11.1 shows the image of the 3D stamp after 10 times imprinting and the
associated PMMA substrate.
It can be observed that the micro and nanostructures in 3D hard-soft PDMS stamp
have survived after 10 times imprinting and it could replicate the 3D structures in
PMMA successfully. In fact, the elastic deformation of this 3D stamp during demolding
will prevent destroying nanostructures which are protruded from the sidewalls of the 3D
channel. Different 3D structures to be used for fabrication of microdevices with
patterned walls are envisioned to be fabricated in large numbers using the 3D stamps.
11.2.2 Fabrication of a superhydrophobic channel
The fabrication process for creating superhydrophobic surface introduced in chapter
10 and 11 will be combined with 3D nanomolding process to fabricate a
superhydrophobic channel. Pressure ports will be fabricated in the beginning and the
end of a straight superhydrophobic channel to measure the pressure drop along a
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superhydrophobic channel in different flow rates and the results will be compared with
a channel with similar geometry and without surface modification. Previously it is has
been reported a pressure drop decrease of over 40% and an apparent slip length
exceeding 20 µm for a microchannel whose bottom surface is superhydrophobic [5].
The pressure drop reduction is due to formation of air pockets inside microstructures
and slip of fluid between microstructures due to the shear free boundary condition at the
air-water interface. It is expected to achieve a higher pressure drop reduction and slip
length when all the walls of a microfluidic chip are superhydrophobic.

Figure 11.1 Scanning electron micrographs of (a) 3D hard-soft PDMS stamp
after 10 times imprinting. (b) the associated 3D structures fabricated in PMMA.
Schematic of the fabrication of 3D structures using 3D stamp is illustrated below
scanning electron micrographs.
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11.2.3 Nanopatterned microfluidic chips for enhancing cell capture
The microfluidic devices with nanopatterned walls fabricated using 3D
nanomolding and solvent assisted bonding are expected to be used for the capturing,
isolation and enumeration of circulating tumor cells (CTC). The major challenge that
affects the analysis of CTC is the selection of target cells from a heterogeneous
population in which the target is minority. This challenge will be exemplified for the
analysis of CTC that have low expression level of epithelial cell adhesion molecule
(EpCAM). Using the nanotextured microfluidic device an antobody-based capture of
CTC will be used. It is expected this nanotextured device can be used for even capturing
of CTC cells such as MDA-MB-231 with low expression level of EpCAM. A photo
microfluidic fabricated for this purpose is shown in figure 11.2. The SEM micrograph
of cross section of this device is demonstrated in figure 11.3.

Figure 11.2 Photograph of (a) PMMA film with nanodots on its surface (b) 3D PMMA
substrate (c) bonded 3D substrate and cover plate (d) 3D microdevice.
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Figure 11.3 Cross section of nanopatterned sinusoidal-shaped channel
after solvent bonding.
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