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Abstract−Polydimethylsiloxane (PDMS) microfluidic devices, though they are commonly utilized in microfluidic
applications, have several limitations, such as short-term modified surface condition, swelling in the presence of organic
solvents, and deformation under high pressure or when built with low aspect ratios. To resolve the restrictions, Nor-
land Optical Adhesive (NOA) has been introduced as an excellent alternative for PDMS. Here, we present a practical
protocol for the fabrication of NOA microfluidic devices via a step-wise molding process. Through the indirect mold-
ing of NOA on wafers, the damage to the wafers can be significantly reduced. Furthermore, because we use positive-
patterned wafers, which are commonly used to fabricate PDMS devices, no additional fabrication of the wafer is
required. This simple strategy thus avoids damage to the wafers and simultaneously allows for the mass production of
NOA devices without deformation. We also test the performance of NOA devices in oil-in-water droplet production
and in a microfluidic process using organic solvents.
Keywords: NOA, UV Curable Resin, Microfluidics, Device Fabrication, Replica Molding

INTRODUCTION

The use of polydimethylsiloxane (PDMS) has been widespread
in the fabrication of microfluidic devices [1]. By virtue of proper-
ties such as good optical transparency [2] and inherent elasticity
[3], PDMS microfluidic devices allow for easy observation, mini-
mal fluorescent decay, and facile binding to other mechanical com-
ponents [4]. PDMS devices have also been adopted in bio-ap-
plications such as cell culturing, cell sorting, and biomimicry due
to their high gas permeability and the biocompatibility of PDMS
elastomers [5]. Practically, compared to other device fabrication
methods, PDMS devices are easily produced via replica molding,
which does not require sophisticated techniques or costly equip-
ment [6]. Thanks to these advantages, PDMS devices have been
widely used in various fields, including rheology [7-9], biochemis-
try [10-12], tissue engineering [13-15], medical engineering [16-19],
and optics [20,21].

However, PDMS devices have several limitations. First, PDMS
devices swell instantly when they come into contact with most
organic solvents [22]. In addition, it is a challenging task that PDMS
surface is modified to hydrophilic condition permanently [23,24].
Finally, due to the inherent low elastic modulus of PDMS, signifi-
cant deformation can occur in certain situations. For example, PDMS
devices bulge or even break under high pressure [25,26]. PDMS
patterns with low aspect ratios also experience deformation in the
form of sagging [27]. For these reasons, researchers have recently
fabricated microfluidic devices using various materials such as thi-
olene-based resins [28,29], polycarbonate [30,31], Teflon [32], poly-

ethylene glycol [33], polyimide [34,35], and polyurethane acrylate
(PUA) [36,37] to overcome the limitations of PDMS devices.

Of the materials mentioned above, Norland Optical Adhesive
(NOA), a thiolene-based resin, has been considered a promising
material for a number of reasons. First, devices fabricated with NOA
can tolerate most organic solvents due to its strong solvent resis-
tance [38]. Secondly, long-lasting hydrophilic surface of NOA is rel-
atively simple to be accomplished via conventional oxygen plasma
treatment [39]. Finally, it is a rigid material with a Young’s modulus
of 325 MPa (~160 times higher than that of PDMS), which pre-
vents deformation under high pressure and for devices with low
aspect ratios. Moreover, the bonding strength of NOA (~560 kPa)
is still two times stronger than that of PDMS [40]. Several meth-
ods for the fabrication of NOA devices have been introduced in
previous studies. One of them is the direct molding of NOA using
a patterned silicon wafer. In this method, NOA resin is poured onto
a positive-patterned silicon wafer, cured, and separated to acquire
patterned NOA blocks [41]. Unfortunately, due to the strong adhe-
sion between NOA and the wafer, the wafer is often damaged by
the stress exerted when the NOA replica is peeled away. To resolve
this, Bartolo et al. [42] proposed the indirect patterning of NOA
from the wafer. This methodology uses a positive-patterned PDMS
mold to produce a negative-patterned NOA replica. However, given
that positive-patterned wafers are predominantly used to fabricate
PDMS devices, negative-patterned wafers have to be prepared in
the method, which requires additional cost. Moreover, the negative-
patterned wafer is vulnerable to wearing because most of its sur-
face is comprised of a photoresist.

In this paper, we introduce a practical protocol for the fabrication
of NOA microfluidic devices via sequential replica molding. We
characterize the degree of deformation during the step-wise mold-
ing process. We also propose a simple strategy for the mass pro-
duction of NOA microfluidic devices using a single negative-pat-
terned PDMS replica. Furthermore, we demonstrate that NOA
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microfluidic devices fabricated via sequential molding have char-
acteristics which enable them to be applied to areas where PDMS
devices do not function well, such as oil-in-water droplet produc-
tion and microfluidic operations using organic solvents.

MATERIALS AND METHODS

1. Materials
SU-8 photoresists for patterning on silicon wafers were purchased

from MicroChem Corp., USA. A positive-patterned silicon wafer
was fabricated via photolithography using SU-8. PDMS was pur-
chased from Corning, USA. Norland Optical Adhesive (NOA) is
the product of Norland Products. Tridecafluoro-1,1,2,2-tetrahydrooc-
tyl trichlorosilane (silane) was supplied by Gelest, Inc., Morrisville
PA. All of the chemicals were used as received without additional
treatment.
2. Fabrication of NOA Microfluidic Devices via Sequential
Replica Molding
2-1. Fabrication of the Negative-patterned PDMS Replica

A negative-patterned PDMS mold is fabricated via replica mold-
ing. To maximize the modulus of the PDMS mold, the PDMS is
thoroughly mixed with a curing agent at a volumetric ratio of 9 : 1,
instead of the typical 10 : 1, then the solution is poured over the
silicon wafer [43]. After the complete removal of the air bubbles in
the PDMS using a vacuum pump, thermal curing is conducted in
an oven at 70 oC for 3 hours. Finally, the PDMS replica is separated
from the wafer.
2-2. Fabrication of the Positive-patterned PDMS Replica

We mark the boundary of the negative-patterned PDMS tem-
plate fabricated in the previous step. This template is attached to
the substrate while the pattern is facing upward. The surface prop-
erties of the PDMS template are modified by the vapor deposition
of silane. The deposition of silane changes the surface of the PDMS
from hydrophobic to hydrophilic. The deposition of silane on PDMS
treated by atmospheric plasma is performed in a desiccator with
0.25bars for 90min [44]. After removal from the vacuum, the PDMS
and curing agent mixture (9 :1) is poured on the silane-treated PDMS
template. After curing in an oven, a positive-patterned PDMS mold
is obtained in a similar fashion to the fabrication of the negative-
patterned PDMS replica.
2-3. Fabrication of the NOA Microfluidic Device

The bottom layer of the NOA device is fabricated by gently sand-
wiching NOA resin between the positive-patterned PDMS replica
and the slide glass. After the removal of any air bubbles in the NOA
resin, a bottom layer with a complementary negative-pattern and
partial adhesive ability can be created through partial curing under
UV irradiation for 2.5 mW/cm2, 1 min (Vilber Lourmat VL-4.LC,
365 nm). The top block of the NOA device is prepared by mold-
ing it against the PDMS slab, where metal rods are inserted to
retain the inlet and outlet for the NOA microfluidic device. Finally,
each component of the NOA device is aligned and then mutually
bonded through full curing under UV light for 2 hours.
3. Observation and Characterization

A cross-section of the positive-patterned PDMS replica is gained
by vertically cutting the PDMS mold. Bright-field images are taken
by a camera (Canon, EDS 6D, Japan) mounted on an optical micro-

scope (Axiovert 200, Zeiss). The images are analyzed via computer
software (Image J).

RESULTS AND DISCUSSION

1. Fabrication of the NOA Microfluidic Device
In this study, the fabrication protocol for NOA microfluidic

devices is composed of two main steps. 1) Methyl group of PDMS
surface is oxidized to be a silanol group by atmospheric-pressure
plasma. The silanes can easily react with silanol group of substrate
so that covalent bonds can be formed via vapor deposition [45]. A
positive-patterned PDMS mold is generated from a silane-treated
negative-patterned PDMS mold via replica molding (Fig. 1(a) and
1(b)). 2) The top and bottom sections of the NOA device are cre-
ated using the positive-patterned PDMS mold and a PDMS slab
with metal inserted via replica molding, and then bonded with
each other (Fig. 1(c)). Following this method, NOA microfluidic
devices are constructed using a positive-patterned silicon wafer,
which is commonly used to fabricate PDMS microfluidic devices.
This method minimizes the damage to the photoresist pattern on
the silicon wafer because it can be accomplished without direct
replica molding between the NOA and the silicon wafer. As most
of the steps utilize replica molding, cheap NOA devices can be fabri-
cated with a high throughput using the suggested protocol.

Fig. 1. Schematic diagram of the fabrication method for NOA micro-
fluidic devices based on sequential replica molding.
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2. Characterization of the Reproducibility of the PDMS Mold
Replica molding between PDMS and PDMS is required in this

method. We experimentally analyzed the degree of cross-section
deformation in PDMS patterns (Fig. 2). Fig. 2(a) depicts the cross-
section of a negative-patterned PDMS mold and Fig. 2(b) presents
the cross-section of a positive-patterned PDMS replica generated
through replica molding using the PDMS template in Fig. 2(a). It
is noted that width 1 slightly decreases by 9.56% (Fig. 2(c)) com-
pared with the original width 1 of the PDMS mold. This results
from the swelling of the mold due to the permeation of the liquid
mixture with the 9 : 1 ratio of PDMS and curing agent. In the mix-
ture, there are small molecules such as short PDMS polymeric chains
and curing agents. These molecules can penetrate into the network
of the PDMS template, causing the swelling of the template [46,47].
This mechanism occurs during the curing process of PDMS at
70 oC where the elevated temperature increases not only the per-
meability of the PDMS mold but also the diffusivity of the mole-
cules [48]. Unfortunately, the swelling of the template does not occur
isotropically but anisotropically. It is known that the degree of the
swelling is different at the edge and surface [49]. The edge swells
more than the surface because the edge has more contacting faces
that can penetrate molecules through. The edge has two contact faces
while the surface has one contacting face. The anisotropic shape of
the PDMS replica shown in Fig. 2(b) is well explained by the aniso-

tropic swelling. The length of the width 1 is determined by the length
between the edges of negative-patterned PDMS mold. As the edges
swell more than surfaces, the width 1 of the PDMS replica can be
reduced more than the width 2. Despite the swelling of the mold,
the width 2 and the height are very similar to those of the mold (Fig.
2(d) and 2(e)). The results show that the PDMS-PDMS replica mold-
ing process does not cause significant dimension difference between
the original and replica PDMS molds.
3. Characterization of the Repeatability of NOA Microfluidic
Devices

Photoresist patterns on silicon wafers are easily damaged by the
repetitive demolding of PDMS. This leads to an increase in cost and
time as new silicon wafers need to be fabricated. To overcome this,

Fig. 2. The cross-sections of a negative-patterned PDMS template
and a complementary positive-patterned PDMS replica. Bright-
field images of the cross-section of (a) the negative-patterned
PDMS mold and (b) the positive-patterned PDMS replica. A
comparison of (c) width 1, (d) width 2, and (e) height of each
PDMS mold (scale bars: 100µm).

Fig. 3. (a) Schematic diagram of the cycle that enables the mass pro-
duction of NOA microfluidic devices without replica mold-
ing using the wafer. (b) Bright-field images of the cross-sections
of positive-patterned PDMS molds fabricated sequentially
(scale bar: 100µm). Analysis of (c) width 1, (d) width 2, and
(e) height of each PDMS mold.
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we develop a strategy that enables the mass production of NOA
microfluidic devices using one negative-patterned PDMS replica.
The negative-patterned PDMS mold acts as the master mold, even-
tually producing multiple negative-patterned NOA replicas.

This process involves producing a negative-patterned NOA replica
from a positive-patterned PDMS replica, which can then itself be
used to reproduce a positive-patterned PDMS replica. In this way,
NOA microfluidic devices can be produced continuously (Fig. 3(a)).
Fig. 3(b) presents a cross-section of a positive-patterned PDMS
mold that is generated in this cycle. As shown in Fig. 3(c), there is
no deformation of the pattern even after repeated production of
NOA microfluidic devices.
4. NOA Microfluidic Devices with Various Geometries

The various micro-flow patterns are required to accomplish a
number of experimental designs in microfluidic system. The flow
patterns significantly depend on the geometries of microfluidic
devices. In these reasons, it is important to simply give the diverse
geometries to microfluidic devices based on the practical fabrica-
tion method. Here, through sequential replica molding, NOA mi-
crofluidic devices with various geometries can be easily constructed.
NOA microfluidic devices can also be simply connected with sev-
eral inlet or outlet types such as pipette tips, tygon tubes, and sili-
con tubes. Fig. 4 shows the several micro-flows developed in the
NOA devices with various geometries. The red fluid is a solution
of Rhodamine B and DI water, the blue fluid is a solution of food
coloring and DI water, and the transparent flow is DI water. Fig.
4(a) presents three parallel multi-phase flows developed in a NOA
device with three tube inlets and one tube outlet. Fig. 4(b) displays

an extensional flow developed in a NOA device with one tube inlet
and two tube outlets. Fig. 4(c) shows two vertically layered multi-
phase flows in a three-dimensional (3D) NOA device with pipette
tip inlets and an outlet.
5. The Functionality of NOA Microfluidic Devices

We confirm that the NOA microfluidic devices produced from
sequential replica molding are able to perform the same functions
as other NOA devices outlined in previous studies. Of the many
NOA device functions, we select two: an oil-in-water drop emit-
ter, an organic solvent resist device. The stabilization of an emul-
sion in a microfluidic system, which has a high surface area to volume
ratio, is affected by the wetting characteristics of the wall of the
microfluidic device [50]. In the case of PDMS, a drop emitter can-
not produce an oil-in-water emulsion because of its hydrophobic
surface (Fig. 5(a)). To overcome this major limitation, oxygen plasma
treatment of the PDMS can be applied. However, the PDMS sur-
face usually regains its hydrophobicity after a few hours [23,24].
Contrary to PDMS drop emitters, NOA drop emitters can be used
to successfully generate a monodisperse oil-in-water emulsion based
on its hydrophilic surface (Fig. 5(b)). Figs. 5(c) and 5(d) present
the geometric state around 30 min after the introduction of tolu-
ene to the PDMS and NOA microfluidic devices, respectively. The
PDMS device swells in the presence of toluene (Fig. 5(c)), while
the NOA device does not exhibit deformation because of its strong
solvent resistance (Fig. 5(d)). This indicates that the strong organic
solvent resistance of NOA devices can be achieved using our NOA
microfluidic devices.

CONCLUSION

In this study, we propose a practical method for the fabrication
of NOA microfluidic devices via sequential replica molding. With-
out the need for expensive equipment or complicated techniques,
we are able to produce various 2D and 3D NOA microfluidic devices
using a positive-patterned silicon wafer, which is generally used to

Fig. 4. (a) Bright-field image of parallel flows in a NOA microflu-
idic device. (b) Bright-field image of an extensional flow in a
NOA microfluidic device. (c) Bright-field image of layered
flows in a NOA microfluidic device (scale bar: 200µm).

Fig. 5. Bright-field images of the oil-in-water droplet process in (a)
a PDMS microfluidic device and (b) an NOA microfluidic de-
vice (scale bar: 200µm). An aqueous red solution of Rhoda-
mine B and a mineral oil are used for the continuous and
disperse phases, respectively. Bright-field images of the geom-
etry in the presence of toluene in (c) a PDMS microfluidic
device and (d) an NOA microfluidic device (scale bar: 100µm).
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fabricate PDMS devices. We also analyze the deformation degree
of the patterns during PDMS-PDMS replica molding and show
that no significant deformation occurs. Moreover, we propose a strat-
egy for the mass production of NOA devices using a single nega-
tive-patterned PDMS mold. The NOA devices fabricated by the
sequential replica molding can be used in applications that are typi-
cally not possible with PDMS devices. We believe that our method
can be a simple but powerful way to prepare NOA devices for a
broad range of applications in various microfluidic systems.
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