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Huipeng Chen * Daniel M. Lentz - Alicyn M. Rhoades *
Robert A. Pyles - Karl W. Haider - Siva A. Vanapalli -
Ryan K. Nunley - Ronald C. Hedden

Received: 26 July 2011/ Accepted: 21 September 2011
© Springer-Verlag 2011

Abstract Surface infusion micropatterning (SIM) is a
novel microfabrication process for simultaneous topo-
graphical and chemical patterning of elastomeric sub-
strates. The SIM process involves three steps: (1) infusion
of a monomer into the substrate, (2) photopolymerization
through a patterned contact mask, and (3) drying. For the
first time, SIM is demonstrated to create wells and chan-
nels (typical depth 5-22 pm, width 20-200 pm) in two
substrate materials, a crosslinked polydimethylsiloxane
elastomer and a thermoplastic polyurethane elastomer.
High-resolution surface features produced include a
“checkerboard” well pattern and a microfluidic channel
system. The surface micropatterns have been characterized
by scanning electron microscopy, optical microscopy, and
optical profilometry to quantify channel depth and shape.
Because of wall curvature effects, SIM is most suitable for
producing shallow (aspect ratio <0.5) microfluidic chan-
nels in soft elastomeric materials. Due to the different
chemical composition of the interpenetrating polymer
network formed in the exposed regions, SIM also produces
surface chemical patterning, as illustrated by selective dye-
staining experiments. The potential for SIM to impact
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emerging technologies is discussed in the light of process
advantages and limitations.

Keywords Elastomers - Infusion - Microfabrication -
Microfluidics

1 Introduction and background

The last decade has witnessed revolutionary advances in the
fields of microfabrication and microfluidics (Stone 2004;
Squires 2005; Whitesides 2006) because of a number of
attractive attributes of miniaturization, such as conservation
of material in biological analyses. Microfluidic devices
have found applications in a variety of fields including cell
and molecular biology, (Vanapalli 2009; Andersson 2003;
El-Ali 2006) medicine, (Toner 2005; Yager 2006) synthesis
of novel materials, (Shah 2008; Dendukuri 2009) biosensors
(Kim 2009; Liu 2010) and food safety. (Skurtys 2008). In
recent years, microfabrication procedures have shifted from
substrate materials such as silicon or glass toward inex-
pensive polymers that may be preferable for mass produc-
tion of disposable devices. (Becker 2002). The development
of accessible processing methods for microscale patterning
of soft elastomeric materials such as poly(dimethylsilox-
ane) (PDMS) (McDonald 2000) has led to an explosive
growth in research into microfluidic devices and micro-
contact printing devices. “Soft lithography” has revolu-
tionized research in academic laboratories, where
fabrication of PDMS devices by simple casting protocols
proves cost effective (Becker and Gartner 2008). However,
scale-up of new devices from the prototype stage to the
mass production stage can require a change in both mate-
rials and equipment, a hindrance to commercialization
(Becker and Gartner 2008).

@ Springer



Microfluid Nanofluid

Other microfabrication processes for polymers include
photolithography, (Burns 1998; Harrison 2004; Haralds-
son 2006; Lin 2002; Sikanen 2005; Tuomikoski 2005;
Gadre 2004; Nijdam 2005; Liu et al. 2003; Ribeiro et al.
2005; Tay et al. 2001; Lin et al. 2002; Yu et al. 2006;
Metz et al. 2004; Sato et al. 2006; Agirregabiria et al. 2005;
Abgrall et al. 2006; Yu et al. 2006; Alderman et al.
2001) casting, (McDonald et al. 2000; Whitesides et al.
2001; Sia and Whitesides 2003; Gates et al. 2005; Kumar
and Whitesides 1993; Xia and Whitesides 1998;
Kim et al. 1996; Kim et al. 1997) injection molding,
(Giselbrecht et al. 2006; McCormick et al. 1997; Giboz
et al. 2007; Yu et al. 2002; Hulme et al. 2002; Svedberg
et al. 2003; Han et al. 2003; Noerholm et al. 2004;
Ahn et al. 2004; Xu et al. 2005; Kim et al. 2006; Mair
et al. 2006; Nikcevic et al. 2007) microthermoforming,
(Giselbrecht et al. 2006), hot embossing (Armani and Liu
2000; Barker et al. 2000; Becker and Heim 2000;
Galloway et al. 2002; Heckele et al. 1998; Juang et al.
2002a, b; Kameoka et al. 2001, 2002; Kricka et al. 2002;
Liu et al. 2001; Meng et al. 2001; Qu et al. 2006;
Rowland and King 2004; Scheer and Schulz 2001; Schulz
et al. 2003; Young 2005), and contact liquid photolitho-
graphic polymerization (CLiPP). (Haraldsson et al. 2006;
Hutchison et al. 2004) Several of these processes may be
more adaptable to high-throughput manufacturing, but
some are less attractive to labs engaged in rapid proto-
typing of new devices because of the costs associated
with mold fabrication or processing equipment.

A single process that allows rapid, cost-efficient pro-
duction of micropatterned polymer devices at both the lab
scale and the industrial scale could prove invaluable to
microfabrication science and industry. Surface infusion
micropatterning (SIM) is a new microfabrication process
for surface relief patterning of transparent elastomeric
substrates, including both chemically crosslinked or vul-
canized materials (e.g., polydimethylsiloxane, PDMS) and
thermoplastic elastomers (e.g., thermoplastic polyure-
thanes, TPUs). SIM can be used to produce patterned
surface features having dimensions of typical depth of
5-22 pm or more and typical width of 20-200 pm. Pat-
terning of the substrate by SIM is a three-step process
(Fig. 1). The substrate should be an optically transparent
elastomer, which can be formed into a thin sheet with
very flat surface. The substrate may be either free-stand-
ing or mounted on glass or another rigid material. The
elastomer is soaked in a polymerizable, liquid monomer
in the first step. The infused monomer is subsequently
photopolymerized by ultraviolet (UV) irradiation through
a contact mask to create a patterned interpenetrating or
semi-interpenetrating network (IPN or sIPN) within the
surface. Finally, the residual monomer is removed by
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evaporation, creating channels or wells in the surface due
to shrinkage.

A key feature of the SIM process is its applicability to
diverse substrate materials, which provides substantial
freedom to tune mechanical properties, optical properties,
chemical resistance, and resistance to biological fouling to
match the intended application. A second key advantage of
SIM is that minimal equipment and materials are needed;
there is no requirement for elaborate instrumentation or
tooling of expensive molds. SIM is therefore readily
amenable to rapid prototyping of new devices. A third
advantage of SIM is its ability to produce simultaneous
topographical and chemical patterning of the surface due to
the different chemical composition of the IPN regions. The
presence of surface-accessible functional groups in the
raised IPN regions will be demonstrated in this work.

The SIM process differs fundamentally from a photo-
patterning method reported by Wang et al. (2005) who
grafted poly(acrylic acid) onto PDMS elastomer by pho-
topolymerization to achieve patterned relief features, tak-
ing advantage of an intervening IPN layer to achieve
adhesion. In SIM, no liquid monomer is present on the
surface during photopolymerization, and the surface relief
pattern is formed by shrinkage of the swollen substrate in
unexposed regions, not by grafting of residual photopoly-
merized material to the surface. We are not presently aware
of other techniques that resemble SIM.

This report concerns the first demonstration of SIM with
two representative elastomeric substrates, a chemically
crosslinked PDMS and a thermoplastic polyurethane
(TPU). SIM is employed to create high-resolution surface
features, including a “checkerboard” well pattern and a
microfluidic channel system. Key processing variables
affecting the depth and cross-sectional shape of the
resulting features are identified. A systematic study of
monomer uptake versus time allows estimation of mono-
mer diffusivity, from which the concentration profile of
infused monomer inside the elastomeric substrate is cal-
culated via Fick’s Law. Gravimetric measurements char-
acterize the fraction of infused monomer that is converted
to polymer. The surface micropatterns are examined by
SEM, optical microscopy, and optical profilometry to
characterize channel depth and shape. SIM is shown to be
suitable for producing shallow (height/width <0.5) micro-
fluidic channels in elastomers of widely varying chemical
composition, including both chemically crosslinked and
thermoplastic types. The presence of patterned surface
functional groups is demonstrated by staining of a pat-
terned poly(methacrylic acid) sIPN in a PDMS elastomer
with a fluorescent dye. Considering process advantages and
limitations, the potential for SIM to impact emerging
technologies is discussed.
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Fig. 1 Schematic of steps in
SIM process
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2 Experiments
2.1 Chemicals and materials

Methacrylic acid (MAA, 99.5%, stab. with 250 ppm
4-methoxyphenol, ACROS), ethylene glycol dimethacry-
late (EGDMA, 98%, stab. with 100 ppm 4-methoxyphenol,
Alfa Aesar), methyl methacrylate (MMA, 99%, Alfa
Aesar), hydroxyethylmethacrylate (HEMA, 97%, stab. with
ca. 500 ppm 4-methoxyphenol), and pentaerythritol triac-
rylate (PETA, stab. with ca. 300400 ppm 4-methoxy-
phenol, Alfa Aesar) were used as received, without
removing inhibitors. 2,2-dimethoxy-1,2-diphenylethan-1-
one (Irgacure® 651, Ciba) was used as received. TPU
Texin® DP7-1196 was obtained as a gift from Bayer
MaterialScience (Pittsburgh PA) as an extruded sheet with a
thickness of 0.32 mm. The pre-polymer and the crosslinker

for a commercial PDMS elastomer were Sylgard 184 (Dow
Corning, purchased as a kit). The two components were
mixed in a 10:1 ratio (w:w) and degassed in vacuum at
room temperature for 20 min to eliminate air bubbles. The
viscous mixture was poured onto a polished silicon wafer
and cured at 60°C for 12 h in air to obtain a slab of PDMS
elastomer having an ultra-flat surface on one side and an
approximate thickness of 3.2 mm.

2.2 Monomer sorption kinetics

Infusion of methacrylate monomers into the TPU and
PDMS materials was characterized by a standard gravi-
metric sorption technique. A flat sheet of the elastomer of
3.0 x 3.0 cm top surface area and 0.32 mm thickness
(TPU) or 3.2 mm thickness (PDMS) was immersed in pure
monomer at a controlled temperature and removed after a
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known immersion time #;. After drying of the surface with a
lint-free wiper, the sample’s mass was recorded immedi-
ately. The evaporation of the monomer from the elastomer
was sufficiently slow to allow accurate and repeatable
measurements of the monomer mass uptake versus ¢ using
an ordinary laboratory balance. To avoid cumulative errors
resulting from removal/re-immersion of the same sample, a
different piece of elastomer was used for each ¢, up to a
maximum immersion time of 30-60 min. The mass uptake
of the elastomer reached a constant value typically after
1-5 days of immersion, and the mass at equilibrium
swelling (M) was taken as the final recorded mass.

2.3 Instrumentation

Scanning electron microscope (SEM) imaging was per-
formed on gold—coated samples with a HITACHI S-3400N
SEM operated at 5 kV. Optical microscope images were
taken with an Olympus BX51 light microscope equipped
with 5x, 20x, and 50x strain-free objectives. Fluores-
cence microscopy was conducted with an Olympus IX71
fluorescence microscope equipped with Simple PCI soft-
ware. UV—Vis spectra were recorded with a Shimadzu UV-
2550 spectrophotometer at room temperature. The channel
depth and shape of micropatterned features were charac-
terized with a Dektak 3030 surface profiling measuring
system from Sloan Technology Corporation. The micro-
patterned features were also imaged by a Veeco Wyko
NT1100 Optical Profiling System after sputtering a thin
layer of Au onto the samples’ surfaces to increase
reflectivity.

2.4 Mounting of thermoplastic polyurethane elastomer
on glass

The TPU material was typically mounted on a glass
microscope slide before SIM processing. A 1.5 x 1.5 cm
square piece of TPU (0.32 mm thickness) was cut from the
sheet provided by the supplier. The TPU was placed on top
of an untreated glass slide, which was heated to 178°C for
2 min on a hot stage. During the melting procedure, a
second glass slide with a hydrophobic surface was placed
on top of the TPU. The hydrophobic slide was prepared
beforehand by treating with a silane coupling agent, n-
octadecyltrimethoxysilane (95%, Gelest, Inc.) in an acidi-
fied water—ethanol mixture, followed by curing in air for
10 min at 110°C, according to the manufacturer’s
instructions. Compression of the molten TPU was mini-
mized by insertion of two glass spacers of equal thickness
between the glass slides. The TPU and glass slides were
cooled to room temperature, and the hydrophobic glass
slide was easily removed from the TPU, leaving a very flat
surface that was suitable for micropatterning. The TPU
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material adhered strongly to the lower (untreated) slide,
such that it did not peel off during any stage of SIM
processing.

2.5 SIM processing

An example of a typical SIM processing procedure is
described. (Monomer soak times and UV exposure times
for individual samples are specified in the text.) A slab of
the elastomeric substrate was immersed in a solution of
(99% w/w monomer, 1.0% w/w Irgacure® 651) at room
temperature for several min, after which the sample sur-
faces were dried by patting with a lint-free wiper until no
liquid monomer was visible. A photomask was placed in
contact with the top surface of the substrate material. As
intimate contact between the mask and sample surface was
vital to achieving pattern transfer, a compressive force of
up to 5.5 N/em? was applied to the sample’s surface during
exposure by placing weights on top of the mask. The
swollen substrate material and mask were transferred to a
plastic exposure box with a transparent quartz top window.
The sample was irradiated with a BLAK-RAY long-
wavelength UV lamp, Model B 100AP, (Cole-Parmer) with
100 W Sylvania H44GS-100M Mercury Lamp bulb at an
approximate distance of 12.5 cm from the sample’s surface
for typically 10 min, during which time the exposure box
was continuously flushed with N,. The maximum UV dose
rate at the center or the illuminated area was measured to
be 0.041 + 0.02 W/cm?, providing an approximate dose of
25 J/em? for a typical 10 min exposure. After exposure, the
sample’s mass was recorded, and it was dried in air at room
temperature until its mass was no longer decreasing mea-
surably. After drying, to make the micropatterned surface
more hydrophilic, the material could optionally be exposed
to UV-ozone treatment in a Harrick PDC-326 plasma
cleaner for 2-5 min. A series of non-patterned samples was
also prepared by omitting the photomask in the processing
sequence. These samples were used to quantify conversion
of monomer to polymer.

2.6 Staining and imaging of patterned sample

A PDMS elastomer was infused with methacrylic acid and
photoinitiator for 10 min at ambient temperature, followed
by exposure to UV radiation for 5 min through a quartz
mask with a 40 pm checkerboard pattern. Poly(MAA)
sIPN regions were selectively stained with a fluorescent
dye, 6-aminofluorescein, to demonstrate chemical micro-
patterning of the surface. The patterned elastomer was
immersed in an aqueous solution of 0.1% w/w 6-amino-
fluorescein (Sigma-Aldrich) for 10 min, dried, and imaged
in a fluorescence microscope equipped with a fluorescein
filter. The incident wavelength was 495 nm and the
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observation wavelength was 528 nm. The amine groups of
the dye bind to the —-COOH groups of poly(methacrylic
acid), but the dye does not bind to PDMS. (Wang et al.
2005).

3 Results and discussion
3.1 Infusion fundamentals

The first step in SIM processing (illustrated schematically
in Fig. 1) is the infusion of a polymerizable monomer into
the substrate. The elastomer is immersed in a liquid
monomer bath, exposing one side (if glass-mounted) or
both sides (if free-standing) to the liquid. Approximately
1.0% w/w of a free-radical photoinitiator compound is
dissolved in the (liquid) monomer, but no solvents are
present. Both the monomer and the dissolved photoinitiator
begin to diffuse into the elastomer, which is held at a
temperature above its glass transition. Enough of the
photoinitiator diffuses into the elastomer with the monomer
to allow photopolymerization in the subsequent step. After
the infusion of monomer and photoinitiator is complete, the
surfaces are wiped clean by suitable mechanical means to
remove excess liquid.

Preferred monomers include, but are not limited to, the
various acrylates and methacrylates listed in Table 1.
Choice of monomer depends on the desired rate and depth
of infusion, the preference for volatility or non-volatility,
the desired final mechanical properties of the device, and
the desire for hydrophobic or hydrophilic surface character.
The monomer must be a thermodynamically “good” sol-
vent for the substrate, so there is a significant driving force
for the monomer to swell the elastomer. If the substrate is a
thermoplastic elastomer, it must not dissolve in the
monomer or melt at the processing temperature, however.

The amount of infused monomer strongly affects the
final feature characteristics, so characterization of the

monomer infusion process at a fundamental level is
essential to understanding and optimizing the process.
Infusion kinetics for several monomers were therefore
characterized in both TPU and PDMS by gravimetric
sorption experiments. The elastomer samples were
assumed to swell in each monomer at constant temperature,
such that Fickian diffusion into both top and bottom sur-
faces occurred simultaneously. Diffusion into the sides was
neglected. M, is the mass of the slab at time t;, M, is its
initial (dry) mass, and M, is its equilibrium swollen mass.
For (M; — My)/(M..—M,) < 0.5, the sorption data are
expected to follow Eq. 1 (Crank 1968):

M — My ~2 D\ 1/2 |
Mo My~ \arz) M)

In Eq. 1, Dy, is the diffusivity of the monomer in the
elastomer and 2L is the full thickness of the slab. Edge
effects are assumed to be negligible. Figure 2a illustrates
gravimetric sorption data for the diffusion of different
monomers into the TPU. A linear least-squares fit to the
data in Fig. 2a yields D;, values from the slope (Table 2).
The MMA has the highest diffusivity, while PETA has the
lowest. Figure 2b illustrates gravimetric sorption data for a
single monomer (MAA) into PDMS elastomer with
Dy, =129 x 107° cm?/s. The other monomers listed in
Table 1 were not studied with PDMS because of very low
infusion rate (PETA and HEMA), or because of the
incompatibility of PDMS with the resulting polymers,
leading to microphase separation and an opaque
appearance (MMA and EGDMA). The TPU material
allowed a more diverse selection of monomers to be
infused than PDMS.

The concentration profile of the infused monomer can be
estimated from Fick’s Law using the measured diffusivi-
ties. Assuming the chemical composition of the host
polymer and its morphology are depth-independent, and
assuming that the elastomer is well above its T, at the
infusion temperature, the concentration profile of the

Table 1 List of preferred
monomers and their properties

Monomer (abbreviation) Monomer Attributes
boiling pt.

Methyl methacrylate (MMA) 101°C Linear polymer T, ~ 95-105°C.
Rapid infusion; volatile

Methacrylic acid (MAA) 161°C Linear polymer, T, ~ 156°C.
Hydrophilic, hydrogen bonding

Ethylene glycol dimethacrylate 99°C Homopolymer is crosslinked thermoset

(EGDMA) (rigid).

Hydroxyethylmethacrylate (HEMA) 67°C Linear polymer T, ~ 55-87°C
Somewhat hydrophilic.

Pentaerythritol triacrylate (PETA) 210°C Homopolymer is crosslinked thermoset

(approximate) (rigid). Low monomer volatility; slow infusion.
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Fig. 2 a Sorption of different monomers into the TPU during soaking
at 22°C. b Sorption of MAA monomer into the PDMS elastomer
during soaking at 22°C. Each line is a best fit to the data with forced
intercept = 0

monomer versus depth within the PDMS plate at soak time
t; can be estimated by Eq. 2 (Crank 1968).

2 2)

C = (Cyerfc | ———
2 (Dlzl‘])

In Eq. 2, C; is the surface concentration of monomer,
which is assumed to equal its concentration at the
equilibrium swelling condition, and y is the depth below
the surface. C, was determined for each elastomer/
monomer pair by allowing the elastomer to swell to
equilibrium in the monomer and recording its mass
(Table 2). Deviations from Eq. 2 might be observed due
to orientation effects arising from processing history, in

which case D, would depend on depth. However, we shall
consider here the simplest case of a homogeneous substrate
in order to estimate the depth of infusion of the monomer.
Figure 3a, b present the monomer concentration profiles
beneath the surface for infusion of MAA into TPU and
PDMS elastomers, respectively. Samples were assumed to
be thick enough such that infusion profiles from the two
sides did not overlap. From Fig. 3a, b, the approximate
infusion depth of the MAA monomer after a 15 min soak
was about 100 pm for the TPU material and 1 mm for the
PDMS, taking the “depth of penetration” arbitrarily to be
the value of y at which C = 1% w/w. In both cases, for
15 min soak times, the depth of penetration of the
monomer was less than half of the film’s thickness.
Measured values of D;, and C for the various monomers
in the TPU are listed in Table 2.

A short monomer soak time is desirable, so the mono-
mer should ideally possess both a high Dy, in the substrate
and a high solubility (Cy). C; and D, are also key
parameters governing the maximum achievable depth of
channels or wells in the surface. The shrinkage of the
substrate due to evaporation of the monomer produces the
surface relief features, so a substantial volume fraction of
monomer must be infused quickly in order to produce well-
defined channels or wells. Volatility is another key con-
sideration affecting ease of processing. Volatile monomers
may be more difficult to process during the UV exposure
step due to rapid evaporation from the surface. On the other
hand, high volatility may be helpful by accelerating the
final drying step. The monomers listed in Table 2 vary
considerably in solubility, diffusivity, and volatility, but all
provided satisfactory performance under some set of
conditions.

3.2 Photopolymerization

The second step involves pseudo-lithographic exposure of
the monomer-infused elastomer sheet with broadband
ultraviolet (UV) light through a negative-tone contact mask
to create a latent image. After infusion of the monomer, the
swollen elastomer is immediately transferred to an inert gas
chamber and subjected to photopolymerization. The UV
light source need not be collimated or monochromatic.
During the UV exposure step, a pattern is transferred to the

Table 2 The (equilibrium) surface concentration of monomer (Cy), diffusivity of the monomer (D), and the mass fraction of monomer
converted to polymer, ¢, for several monomers in the TPU elastomer at 22°C

MMA MAA EGDMA HEMA PETA
C (no units) 0.489 £ 0.002 0.556 £ 0.002 0.374 £ 0.002 0.576 £+ 0.002 0.136 £ 0.002
Dy5 (x107% cm?/s) 7.38 £0.03 1.08 £ 0.02 0.57 £ 0.02 0.36 &+ 0.01 0.17 £ 0.01
¢c (no units)(%) 93 £2 92 £2 99 £ 2 91 +£2 98 £ 2
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Fig. 3 Calculated concentration profiles of MAA monomer in a the
TPU elastomer, and b the PDMS elastomer, after soak times of 5, 10,
15, and 20 min at 22°C. Initial sample thickness was taken as
0.32 mm for TPU and 3.2 mm for PDMS

substrate by the use of a contact mask, which should be
made of a material that is resistant to chemical attack by
the infused monomer. Low-cost, disposable plastic masks
(generally made of a transparent polyolefin) are usually
suitable, but it is also possible to use a quartz/chrome mask,
which offers better chemical resistance, if needed. Intimate
contact between the mask and the swollen elastomer is
necessary for effective pattern transfer. The contact mask
also discourages evaporation of monomer during exposure.
The UV exposure step ranges in length from a few seconds
to several minutes, depending on the rates of initiation and
polymerization of the system in question, the UV absor-
bance of the substrate material, and the rate of decompo-
sition of the radical initiator. Only one side of the substrate
is exposed. During UV exposure, the monomer is con-
verted to either a linear polymer, creating a sIPN in the
exposed areas, or a crosslinked thermoset, creating an IPN
in the exposed areas. The monomer and initiator in the
unexposed regions are not converted to polymer. After
drying, the exposed regions form raised features, while the
unexposed regions form channels or wells.

For all monomers tested with the TPU substrate, pho-
topolymerization was successful, as evidenced by the
retention of some part of the infused monomer mass after
drying. A high conversion of monomer to polymer is
desirable to obtain features of maximum depth and to
minimize the amount of monomer that must be removed
during the drying step. Factors influencing the monomer
conversion include the rate of decomposition of the initi-
ator, the rate of polymerization of the monomer at the
chosen temperature, and the UV absorbance spectrum of
the elastomeric substrate. The optimal UV exposure time
therefore differs somewhat for each monomer/elastomer
system.

It is therefore of interest to examine the monomer
conversion quantitatively under different conditions. Sev-
eral samples were prepared without photopatterning to
examine mass changes in the exposed regions after infu-
sion and after drying. Elastomers were infused with
monomer and initiator on one side only, then fully exposed
to the UV light source for a fixed time of 10 min with a
non-patterned quartz plate in place of the contact mask.
The mass of the exposed IPN material was recorded for
3 days thereafter. The fraction of infused monomer that
was converted to IPN or sIPN was determined by com-
paring the dry mass of the sample before infusion to the
final mass after infusion, photopolymerization, and 3 days
of drying.

Table 2 shows the mass fraction of monomer converted
to polymer, ¢c, for different monomers in the TPU mate-
rial. The measured value of ¢ is more than 0.90 for all of
the monomers. Control samples, which were only soaked in
monomer and initiator (without UV exposure), yielded
measured values of ¢c less than 0.05 after air-drying for
3 days. Although it is not practical to extract the infused
polymers or characterize their molar mass, it is reasonable
to conclude that an IPN or sIPN was formed during UV
irradiation within the surface of the TPU for all monomers
studied. A similar procedure was followed to confirm
MAA polymerization in the PDMS elastomer. The mea-
sured value of ¢c was 0.83 £ 0.02.

Besides the amount of monomer infused and the infu-
sion depth, the UV absorbance of the elastomer is a factor
that potentially affects the conversion of monomer to IPN
or sIPN. During UV exposure, the monomer in the top
surface is subject to intense radiation, but the monomer at
greater depths may be irradiated to a much lower extent
due to the UV absorbance of the intervening material. The
depth of penetration of the UV light is therefore a second
factor that potentially limits channel or well depth. Fig-
ure 4 illustrates UV absorbance profiles of TPU (0.32 mm
thickness) and PDMS (3.2 mm thickness) substrates. The
PDMS material was relatively transparent to UV light,
despite its greater thickness. For the TPU material,
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Fig. 4 UV-Vis absorption spectra of TPU (0.32 mm thickness) and
PDMS (3.2 mm thickness)

short-wavelength UV light is greatly attenuated as it passes
through the slab. Satisfactory micropatterning results were
obtained for both elastomeric substrates, suggesting that
the UV-transparency of the substrates was not a limiting
factor in this study, however.

3.3 Drying

The third and final step in the SIM process is drying by
evaporation of the volatile monomer from the unexposed
regions. During the drying process, the IPN or sIPN
regions shrink minimally, while the unexposed regions
swollen with monomer shrink significantly. As a result,
high-resolution surface channels or wells are created
(illustrated schematically in Fig. 1). The raised features
have a different chemical composition than the interven-
ing “trenches” due to the presence of the IPN or sIPN.
The raised features may have increased mechanical
rigidity compared to the unmodified elastomer, especially
if the IPN or sIPN polymer is glassy or densely cross-
linked (Lentz 2010). Under the conditions employed in
this study, the patterned elastomers were neither brittle
nor prone to cracking upon flexion, due to the flexibility
of the substrate and the presence of the soft, extensible
regions between features.

3.4 Surface feature characterization

Several micropatterned substrates were characterized by
SEM, optical microscopy, surface profilometry, and
optical profilometry to characterize well or channel depth
and shape. Figure 5 shows SEM and optical microscope
images of “checkerboard” well patterns in TPU and
PDMS substrates. Square wells of width 10, 20, 30, and
40 pm were successfully fabricated in the TPU material
using EGDMA, PETA, and MAA monomers. The TPU
samples remained transparent to the unaided eye after UV
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exposure. For the PDMS substrate, the best results were
obtained with MAA monomer, which produced a sIPN
that was transparent or nearly so. Infusion of PDMS
elastomer with EGDMA or PETA resulted in strong
microphase separation after UV exposure, judging by the
opaque appearance of the samples. As transparency of the
device is important in many microfluidic applications,
substrate/monomer combinations producing microphase
separation are less attractive.

The checkerboard pattern was imaged by optical pro-
filometry after sputtering a layer of Au onto the surface of
each sample to increase reflectivity. As shown in Fig. 6, the
raised features exhibit high resolution with consistent
shape and minimal defects. Surface profilometry was pre-
ferred for measurement of well depth because no pre-
treatment of the surface with Au was necessary. Measured
well depth was approximately 2.5 pm in a checkerboard-
patterned PDMS elastomer with MAA sIPN features
(3 min monomer soak time), and the depth increased to
5.1 pum for a similar sample having MAA soak time of
5 min. Table 3 summarizes the channel depths of PDMS
and TPU micropatterned elastomers with varying MAA
soak times. The well depths increased steadily with an
increase of monomer soak time, indicating that the volume
fraction of infused MAA sIPN increased. For a TPU sub-
strate with MAA sIPN features, the channel depth reached
21.7 pm for 30 min soak time, the largest depth achieved
in this study.

Figure 7 shows cross-sectional images of a micropat-
terned PDMS substrate with MAA sIPN features (5 min
monomer soak time), which was sectioned with a razor
blade perpendicular to the channel direction. The thickness
of the visible sIPN layer was approximately 55 pm, and the
depth of the channel was about 5 um. The total width of
the channel was about 200 pm. The side-walls of the
channel are curved, as the shrinkage of the channel bottom
during drying requires stretching of the elastomeric mate-
rial near the side-walls, producing frozen-in stresses. The
curvature of the side-walls affects a portion of the channel
bottom of width <5 um on each side, while the center of
the channel is otherwise quite flat.

Figure 8 shows a channel depth profile for a section of a
micropatterned TPU substrate with MAA sIPN features
(20 min soak time) and PDMS substrate with MAA sIPN
features (30 min soak time). The channel depth (~ 16 um)
was uniform, except that significant curvature was again
observed in the side walls. SIM is most readily applicable
to fabrication of relatively wide (low aspect-ratio) micro-
fluidic channels. Deeper (high aspect-ratio) channels are
more likely to exhibit curvature of the walls and channel
bottom.

Figure 9a, b shows a finished microfluidic channel sys-
tem as viewed in an optical microscope (top view). Two
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Fig. 5 SEM images and optical
microscope images of
checkerboard-patterned TPU
and PDMS substrates with
different IPN patterns. a TPU,
EGDMA soak 5 min, 20 pm
pattern, SEM. b TPU, MAA
soak 5 min, 40 um pattern,
SEM. ¢ TPU, PETA soak

20 min, 10 pm pattern, SEM.
d PDMS, MAA soak 10 min,
40 pm pattern, SEM. e PDMS,
MAA soak 10 min, 40 pm
pattern, optical microscope.

f PDMS, MAA soak 20 min,
40 pm pattern, optical
microscope

Fig. 6 Left optical profilometry
depth map for checkerboard-
patterned PDMS elastomer,
with MAA sIPN features (3 min
soak time). Right section of a
micropatterned PDMS substrate
with MAA sIPN features (5 min
soak time). Well depths were
approximately 7 pm (TPU) and
3 um (PDMS)

Table 3 Measured channel
depths for PDMS and TPU
micropatterned substrates with
different monomer (MAA) soak
times

MAA soak time (min)

Channel depth in PDMS (pm)

Channel depth in TPU (um)

5

10
20
30

51+02
57+£02
7.0+02
11.0 £ 0.2

10.6 £ 0.2
14.8 £ 0.2
162 £ 0.2
21.7 £ 0.2
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41 \ 1
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Fig. 7 Microscope images of the cross-section of a micropatterned
PDMS substrate with MAA sIPN features (5 min soak time)
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Fig. 8 Surface profilometry depth profile for a section of a micro-
patterned a TPU substrate with MAA sIPN features (20 min soak
time) and b PDMS substrate with MAA sIPN features (30 min soak
time)

such devices were produced from the TPU elastomer
substrate (MAA, 10 min soak time) and PDMS elastomer
substrate (MAA, 20 min soak time). Channel depth was
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16.2 £ 0.2 um for the TPU and 7.0 = 0.2 pym for the
PDMS. To increase wettability of the surface, the device
and the glass cover were briefly treated in an ultraviolet-
ozone cleaner to introduce hydrophilic functional groups at
the surface. A microfluidic system was created immedi-
ately after the UV-ozone treatment by placing the treated
glass cover on top of the oxidized elastomer. The adhesive
forces between the treated polymer and glass surfaces were
sufficient to allow the device to be filled with fluid without
maintaining any compressive force. Inlet and outlet holes
were punched in the elastomer to allow injection of fluid.
Figure 9c illustrates a PDMS device after filling with an
aqueous solution of a red dye. The assembly of a func-
tioning microfluidic device with additional components is
beyond the scope of this study, but preliminary results
illustrate that devices patterned via SIM can be readily
converted to microfluidic systems.

3.5 Chemical micropatterning

Besides creating surface wells or channels, SIM processing
is also capable of creating chemical patterning in the pro-
cessed substrate due to the different chemical composition
of the IPN and intervening regions. The patterning of
carboxylic acid groups within a PDMS-poly(MAA)
device is demonstrated here by selective staining of the poly
(MAA) with a fluorescent dye. Figure 10a shows fluores-
cence microscope image of a PDMS elastomer that was
infused with a 40 pm checkerboard pattern of poly(MAA).
The sample was stained with 6-aminofluorescein, a dye that
binds selectively to the -COOH groups of poly(MAA), but
does not stain the PDMS (Wang et al. 2005). The bright
squares in Fig. 10a correspond to the raised poly(MAA)
IPN regions, while the intervening dark regions are PDMS
wells. Figure 10b shows a control sample of the same
material that was not stained with 6-aminofluorescein. The
staining experiments illustrate that surface-accessible
functional groups are present in the IPN regions. Micro-
patterned surface functional groups, including —COOH
groups, were previously used to anchor cell-adhesive
ligands in several studies of patterned cell growth. Several
notable cell biology and tissue engineering studies utilized
surface-immobilized proteins or cell-adhesive ligands on
micropatterned substrates to control cell adhesion, shape,
function, and growth (Tourovskaia et al. 2003; Chen et al.
1998; Folch and Toner 2000; Dike et al. 1999; Folch and
Toner 1998; Chin et al. 2004; Revzin et al. 2005; Gopalan
et al. 2003; Wang et al. 2005; Cesa et al. 2007; Ghibaudo
et al. 2011). SIM may be well-suited for producing flexible,
conformable polymeric substrates for cell biology or tissue
engineering research due to its ability to create surface
chemical patterns on the relevant length scale of
10-100 pm.



Microfluid Nanofluid

Fig. 9 A finished microfluidic

channel system as viewed in an
optical microscope (fop view).
a TPU substrate with MAA
sIPN features (20 min soak
time, 16.2 um depth). b PDMS
substrate with MAA sIPN
features (10 min soak time,

7.0 pm depth). ¢ PDMS device
with MAA sIPN features, glass
cover, after filling with an

aqueous solution of a red dye

Fig. 10 Demonstration of
chemical micropatterning from
SIM by selective staining of
sIPN regions. a Fluorescence
image of a PDMS elastomer
with 40 um checkerboard
poly(MAA) sIPN pattern.
Poly(MAA) sIPN regions were
stained with
6-aminofluorescein. b Control
sample of same without
fluorescein staining

3.6 Warpage

A processing issue in SIM is stress imbalance in the final
device, which can cause warping or bending of the sub-
strate. If the topmost surface of the elastomer is converted
to an IPN or sIPN by UV exposure, while the bottom
surface remains underexposed or unexposed, then evapo-
ration of monomer from the bottom surface will cause
shrinkage and encourage bending of the substrate during
drying. Warpage is undesirable in both microcontact
printing and microfluidic applications. Warpage is more
noticeable when the substrate is very thin, or when the
amount of monomer infused is high. Warpage can be
minimized by one of two strategies. One viable approach
is choice of a thicker substrate (e.g., 3.2 mm thick

TPU If monomer infusion

instead of 0.32 mm).
depth << substrate thickness, the mechanical rigidity of
the substrate material is often enough to overcome

residual stresses, so warpage is minimized. Another
approach is mounting the elastomer on a rigid glass plate
and infusing only the exposed surface with monomer, as
described in the Experimental section. For thermoplastic
elastomers like the TPU material studied here, it was
possible to mount the material on a glass slide by tem-
porarily melting it. Strong adhesion between the TPU and
glass prevented delamination of the material during
monomer infusion and the processing steps following.
The resulting devices were constrained by the glass
backing, such that warpage was minimized after SIM
processing.
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4 Conclusions

SIM is a pseudo-lithographic processing technique that
could prove useful for fabrication of microfluidic devices,
micropatterned arrays, and microcontact printing devices in
a variety of elastomeric substrates, offering the possibility
of tuning mechanical properties, optical properties, bio-
logical fouling resistance, cell-adhesive properties, and
surface wettability. In this report, the patterning of two
chemically dissimilar elastomer materials was demon-
strated, with promising results. This study focused on
readily available, easily polymerizable methacrylate
monomers, but other monomers (e.g., vinylic, styrenic, and
acrylic monomers) may also prove useful for SIM. Because
SIM is applicable to any transparent elastomer that can be
swelled with a polymerizable monomer, the range of
materials and chemistries accessible is a clear advantage of
the technique. SIM is also remarkable for its ability to
simultaneously produce topographical and chemical pat-
terning within the surface of the substrate. Importantly,
surface chemical patterning cannot be achieved in indus-
trially preferred micropatterning techniques such as hot
embossing, injection molding, microthermoforming, and
casting without adding an additional surface modification
step. Surface chemical patterning is the first step toward
designing conformable materials with surface chemical
patterning for cell biology or tissue engineering studies, an
increasingly important subject in the micropatterning area.

SIM may also prove valuable for its potential to enable
rapid scale-up of micropatterned devices from the aca-
demic prototype stage to industrial-scale manufacturing.
SIM opens the door to fabrication of micropatterned
devices from diverse materials with minimal changes to
process equipment and methods. Academic research labs
have recently shown a strong preference for commercial
PDMS elastomers, which are processed by casting, due to
the minimal capital equipment cost. However, cast, cross-
linked PDMS is not the most readily processable material
(or the least expensive) for high-throughput manufacturing.
SIM can also be conducted on a low-cost basis at a lab
scale with minimal outlay for capital equipment. Because
SIM is amenable to processing of materials used for both
research lab-level fabrication and mass production, it has
the potential to bridge the gap between preferred academic
and industrial manufacturing techniques.

The cycle time of the SIM process is a key consideration
for manufacturing. Soaking of the elastomer at room
temperature for up to 30 min is straightforward and fast
enough to be feasible in an academic lab, but for high-
throughput manufacturing, the soak time is preferably
shorter. For producing shallow channels (1-10 pm depth)
in the polymer surface, a monomer soak time of less than
2 min at 40-60°C is possible for many monomers, even

@ Springer

though monomer infusion was performed at room tem-
perature for convenience in this study. For deeper channels,
longer soak times and higher monomer uptakes are nec-
essary, so cycle time cannot be as short. Besides cycle
time, other considerations must be examined in the future
to assess the manufacturability of SIM devices, such as
strategies for minimizing processing defects and for rapid
monomer evaporation and recovery.
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