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Abstract

Over the past decades, soft lithography has greatly facilitated the development of microfluidics due to its simplicity and cost-
effectiveness. Besides, numerous fabrication techniques such as multi-layer photolithography, stereolithography and other
methods have been developed to fabricate moulds with complex 3D structures nowadays. But these methods are usually not
beneficial for microfluidic applications either because of low resolution or sophisticated fabrication procedures. Besides,
high-resolution methods such as two-photon lithography, electron-beam lithography, and focused ion beam are often restricted
by fabrication speed and total fabricated volume. Nonetheless, the region of interest in typical microfluidic devices is usually
very small while the rest of the structure does not require complex 3D fabrication methods. Herein, conventional photoli-
thography and two-photon polymerization are combined for the first time to form a simple hybrid approach in fabricating
master moulds for soft lithography. It not only benefits from convenience of photolithography, but also gives rise to complex
3D structures with high resolution based on two-photon polymerization. In this paper, various tests have been conducted to
further study its performance, and a passive micromixer has been created as a demonstration for microfluidic applications.
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1 Introduction

Soft lithography has become an important technique in
microelectromechanical systems (MEMS) and micro total
analysis systems (UTAS, or lab on a chip) nowadays (Rog-
ers and Nuzzo 2005), as evidenced by numerous examples
in micro- and nano-fabrication (Qin et al. 2010), electron-
ics (Jeon et al. 1998), chemistry (Pang et al. 2003), biol-
ogy (Kane et al. 2006), pharmaceutics (Whitesides et al.
2001), and microfluidics (Kim et al. 2008). Compared to
other microfabrication techniques (e.g., photolithography
and electron-beam lithography), soft lithography possesses
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several unique advantages (Xia and Whitesides 1998). For
instance, it is more cost-effective and requires neither too
much expertise nor sophisticated equipment (Folch 2016). It
is suitable for not only planar, but also non-planar surfaces;
hence the structures with different heights are no longer
obstacles (Kane et al. 2006). Besides, soft-lithography also
provides a very good resolution (~ 35 nm), which is competi-
tive even when compared with electron-beam lithography
(~ 15 nm) (Waldner 2013; Xia and Whitesides 1998).

At present, several techniques that are classified as soft
lithography have been developed, including microcontact
printing (uCP) (Filipponi et al. 2016), replica molding
(REM) (Carugo et al. 2016), microtransfer molding (Yang
et al. 2000), solvent-assisted micromolding (King et al.
1997), micromolding in capillary (Kim et al. 1995), decal
transfer lithography (Childs and Nuzzo 2002), nanoskiving
(Xu et al. 2008), and so on. Among them, REM has been
widely used in microfluidics, with elastomer polydimethyl-
siloxane (PDMS) as the key component to imprint patterned
relief structures on the surfaces of master moulds (Folch
2016). Specifically, microstructures are first fabricated on
substrates, then the mixture of PDMS precursors is poured
onto the substrate, followed by baking using a hotplate or an
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oven to induce cross-linking of the monomers. As the con-
tact between PDMS precursors and the moulds is conformal,
the reversed pattern of the microstructures from substrates
is imprinted on PDMS after separation. Finally, the replica
can be bonded to another substrate (e.g., glass slide) to cre-
ate enclosed microchannels for further applications (Shin
et al. 2003).

It is worth mentioning that PDMS possesses many supe-
rior advantages, which are quite attractive for microfluidic
applications. To name a few, it has a great optical transpar-
ency (Schneider et al. 2009), gas permeability (Merkel et al.
2000), biocompatibility (Borenstein et al. 2010), and chemi-
cal inertness (Zhu et al. 2017). Hence, it has been widely
used in biomedicine-related microfluidics over the past dec-
ades. Additionally, PDMS is soft and elastic, hereby it is
also an ideal candidate for microscale valves and actuators
(Choi et al. 2010). Although intrinsic hydrophobicity may
be unfavourable for the introduction of aqueous solutions
into channels, this shortcoming can be addressed via oxygen
plasma (Tan et al. 2010). Last but not least, PDMS-based
devices are relatively cheaper than the counterparts made
via glass or silicon because of the ease of fabrication and
multiple castings of a master mould.

However, as PDMS only imprints the structures on a mas-
ter mould, leading the fabrication of master moulds the most
pivotal step in soft lithography. To date, numerous mould-
creating techniques have been developed, including photo-
lithography (Huh et al. 2010), wet etching (Filipponi et al.
2016), reactive ion etching (Brittman et al. 2017), microma-
chining (Park et al. 2010), multiphoton lithography (Saive
et al. 2017), stereolithography (Hwang et al. 2015), electron-
beam lithography (Huang et al. 2004), focused ion beam (Li
et al. 2003), and so forth. Among these techniques, photo-
lithography is still the mainstream method for soft lithog-
raphy due to its simplicity and high resolution. In a typical
microfluidic application, negative-tone photoresist SU-8 is
the most commonly used photoresist for photolithography
due to its good chemical, mechanical properties as well as
the capability of creating structures with high aspect ratio
(over 25) (del Campo and Greiner 2007; Mata et al. 2006).
Nevertheless, conventional photolithography is not impecca-
ble. Creating three-dimensional (3D) structures are still chal-
lenging for photolithography. Although stacking multiple
layers is able to compensate this drawback, the entire process
becomes tedious and allows very little tolerance to opera-
tional errors during alignments (Mata et al. 2006). Besides,
this approach only works for simple 3D designs, in which the
curved structures are not included. To circumvent this issue,
other techniques (e.g., 3D printing, electron-beam lithogra-
phy) have been explored for soft lithography. For instance,
3D printed mould has been applied to fabricate PDMS-based
microfluidic device on studies of cell stimulation recently
(Kamei et al. 2015). In contrast to photolithography, this
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method does not require a clean room, and it enables the
fabrication of real 3D structures. However, the created mas-
ter moulds usually possess low resolution and high rough-
ness (Kamei et al. 2015), which inhibit further applications,
especially when small features are required. Fortunately,
this downside can be solved using other mould-creating
techniques such as electron-beam lithography, focused ion
beam and so on. They possess the capabilities to fabricate
complex 3D structures with high resolution. Furthermore,
techniques such as deep ultraviolet (DUV) and extreme
ultraviolet (EUV) can even achieve resolution as high as
several tens of nanometres.

However, most of these advanced fabrication methods
require vacuum conditions, herein their procedures and
maintenance are usually time-consuming. Recently, two-
photon polymerization (TPP), a promising stereolithogra-
phy technique that does not require vacuum pumping, have
also been investigated for soft lithography (Bernardeschi
et al. 2016). In contrast to conventional stereolithography,
two photons are absorbed simultaneously in TPP process
instead of single photon. Owing to nonlinear absorption,
this technique confines the volume (i.e., voxel) of pho-
topolymerization at nanoscale; therefore, extremely high
resolution can be obtained (Lin and Xu 2018). Besides,
similar to typical additive manufacturing techniques, TPP
directly creates final structures from digital CAD models,
resulting in significantly less operation errors compared to
other high-resolution techniques mentioned above. Finally,
the implementation of laser with long wavelength brings
several advantages such as lower absorption scattering,
giving rise to a deeper penetration of light into materi-
als; hence microstructures can be directly created inside
photoresists.

On the contrary, it is also due to its high resolution
structures are fabricated voxel by voxel in TPP process.
Therefore, the fabrication time can be extremely long when
it comes to the fabrication of large objects. For instance,
writing a solid cubic structure of 50 pm X 50 pm X 10 pm
can take up to around 3.5 h (Weiss and Marom 2015). At
present, various methods have been explored and developed
to speed up the process. To name a few, instead of writing
a complete structure, Weiss and co-workers only wrote the
internal skeletal supports as well as the outer shell. Unpo-
lymerized photosensitive materials were encapsulated inside
these backbones (Weiss and Marom 2015). Next, an extra
UV exposure was used to induce a complete polymeriza-
tion for the whole structure. As a result, the whole writ-
ing time has been reduced to 0.5 h. Similarly, Kurihara and
colleagues first printed the frame structure using TPP and
then filled the gaps with parylene (Kurihara et al. 2012).
However, these treatments are still insufficient to make TPP
an efficient method for creating master mould for soft lithog-
raphy due to their complexity.



Microfluidics and Nanofluidics (2018) 22:97

Page3of 11 97

It is worth mentioning that in a typical microfluidic
device, only small regions would require features with high
resolution to achieve different purposes such as mixing, fil-
tration and separation, while the remaining parts are mainly
used to transport fluids and reagents. Herein, we present
an innovative method to fabricate master moulds, which
combines the ease of photolithography and high resolution
of TPP. Photolithography is used to fabricate the majority
of the mould, while TPP is applied only for small regions
where high resolution is required. Generally speaking, these
two methods can be proceeded separately. First, the main
structure is created using SU-8 via photolithography, then
the small region is filled by printing structures via TPP using
SU-8 or other photosensitive materials. However, when it
comes to the connection between the printed parts with
existing structures, an overlapping area between two parts
is inevitable. That is, the edges of solid SU-8 structures
may receive a significantly excessive energy, and result in
deformations during the printing process. Additionally, the
refractive indices of solid and liquid SU-8 are different, thus
deflections may occur during printing. Last, the separation
of two steps also increases the time cost. Given these con-
cerns, we perform the TPP process directly in the SU-8 film
right after UV exposure of photolithography. Hereby, the
same procedures (e.g., softbake and postbake) are applied to
both structures exposed using different lights, and problems
described above can be avoided.

2 Materials and methods
2.1 Fabrication of hybrid moulds

A thin glass cover slide (CS-30R15, Warner Instruments,
CT) was used as a substrate to create master mould using
hybrid method. Although silicon wafers possess several
advantages (e.g., good thermal conductivity) compared to
the glass slides for photolithography, it is not favourable
for the hybrid fabrication process developed in this work.
Owing to unwanted opaqueness, the structures fabricated via
photolithography can hardly be found under the microscope
during TPP process, not to mention the alignment between
TPP-fabricated structures with existing ones. Therefore, the
glass slides were chosen as substrates to fabricate master
moulds. As shown in Fig. 1, the fabrication process can be
divided into following steps:

1. Preparation of glass substrate.
A glass cover slide was first cleaned thoroughly with
acetone, methanol, and isopropyl alcohol consecutively.
An extra oxygen plasma cleaning (PDC-001, Harrick
Scientific Inc.) was also performed to further remove
remaining organic residues. Afterwards, the glass slide
was transferred to a hotplate (HS61, Torrey Pines Sci-
entific) for 2 h at 180 °C, assuring better photoresist
adhesion after the top surface of the glass slide was com-
pletely dehydrated (Kai 2004).
2. Spin coating of SU-8.
After dehydration, the glass slide was transferred to
a spin coater (Spin Coater, P6700, Specialty Coating
Systems Inc.) immediately. SU-8 (SU-8 2025, Micro-
Chem Corporation, MA) was then dispensed using a

Substrate preparation Quick postbake PDMS casting
Spi ti
pslgftclfaigng TPP fabrication

o N ©
UV exposure

A

© . ©

Postbake
Development

mmmm Glass substrate
SU-8 photoresist
Main structure

- Region of interest
s PDMS replica
I Other substrates

Fig. 1 Schematic illustration for hybrid fabrication process based on photolithography and two-photon polymerization
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disposable plastic syringe (10 ml BD syringe), covering
two-thirds of the area of glass slide. The spinning speed
was then controlled according to the data sheet of SU-8.
In our case, 2000 rpm was used to form a photoresist
film with thickness of 40 um. In addition, the edge beads
should be removed for an intimate contact between the
glass slide and photomask during UV exposure (Miya-
jima and Mehregany 1995).
3. Softbake and exposure of SU-8 film.

It is worth noting that glass has a smaller thermal
conductivity compared to silicon wafer; therefore, a
longer softbake time is required. Herein, the time used
to heat up the glass slide (~30 s) should be added to the
total time. After the sample cooled down to the room
temperature, a clear photomask (FineLine Imaging Inc.,
CO) with segmented pattern was attached to 5 x5 clear
glass (Front Range PhotoMask, CO) and then loaded
in a mask aligner (MA6/BA6, Karl-Siiss, Germany).
A long bandpass filtre (Omega Optical Inc., VT) was
also applied to reduce the exposure from UV radiation
with wavelength below 350 nm, which may cause non-
vertical wall formation. In addition, the exposure time
should be elongated when taking glass substrates and
optical filtre into account.

4. TPP fabrication.

As a cationic-type photoresist, SU-8 allows the cross-
linking of oligomeric epoxides only after receiving suf-
ficient heat during the postbake (Baldacchini 2015; Sun
et al. 2005). Thereby, a quick postbake is indispensable
to visualize the exposed pattern for the alignment. To put
it simply, the sample was transferred to the hotplate with
the temperature at 95 °C again. In about 20 s, the pattern
emerged. When the sample was cooled down to the room
temperature, it was attached to the holder of TPP system
(Nanoscribe GmbH, Germany) using tape, followed by
adding immersion oil (518 F Zeiss, Carl Zeiss, NY) on
the surfaces (Fig. 2a). The introduction of immersion

(a)

Second immersion oil

/ SU-8 photoresist

Glass substrate

63x 1.4NA objective o=

oil promoted the seeking of interfaces between the sub-
strates and SU-8 films. Additionally, as for the hybrid
fabrication method, one should always care about the
accuracy of connection between one and the other.
Hence, the alignment of printing structures with existing
patterns was of the utmost importance (Supplementary
material). Moreover, the intensity of laser power used in
TPP was another crucial factor to be controlled during
the fabrication process. A high-intensity laser usually
leads to bubbling in the film, thus hindering the fabrica-
tion. This phenomenon can be attributed to a remarkable
temperature increase in overexposed regions (Jiang et al.
2014), hence the photoresist may be boiled and generate
bubbles. On the other hand, a low-intensity laser gives
rise to insufficient cross-linking, thereby the structures
maybe deformed during development.
5. Postbake and development.

After the printing process finished, the sample was
transferred to the hotplate for postbake. Propylene glycol
methyl ether acetate (PGMEA, MicroChem Corpora-
tion, MA) developer was used to wash unpolymerized
SU-8 from the glass after cooling the sample down to
the room temperature.

2.2 PDMS casting and bonding

To prepare PDMS replica using the mould prepared as
described above, PDMS mixture (Sylgard 184, Dow Corn-
ing, MI) with 10:1 base to curing agent mixing ratio was
first stirred vigorously, and then degassed thoroughly using
a vacuum desiccator (Bel-Art Scienceware, NJ). Afterwards,
the mixture was gently poured onto the master mould, fol-
lowed by degassing again. It is worth noting that the glass
substrates were very thin, thus they can be easily broken
when peeling the PDMS off. Hereby, we fixed them in a
bigger container such as a Petri dish with the tape (Sup-
plementary material). The container was then transferred to

(b)

Fig.2 a Schematic illustration of the configuration for TPP process in hybrid method. b Scheme of a common mixing channel with a rectangular

gap in the main channel
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an oven for 2 h at 65 °C, and PDMS replica was peeled off
gently. The replica was then bonded to other substrates such
as glass slides.

3 Results and discussion

To better understand the performance and limitations of
this hybrid fabrication method, we have examined several
parameters and key steps that may affect the results using a
common mixing channel with a rectangular gap (120 um in
length and 90 pm in width) in the main channel (Fig. 2b).
In addition, various designs have been adopted to show its
capabilities in fabricating master moulds with 3D geometries
in the region of interest. Last, a simple passive micromixer
was fabricated and used to demonstrate its applications in
microfluidics.

3.1 Influence of adding immersion oil

To print 3D structures in the region of interest, one of the
key problems to tackle is the seeking of correct interface
between the substrates and the photosensitive materials.
Otherwise, the laser may start printing inside the glass,
resulting in incomplete structures, or the entire structure
may float inside photoresist and be washed away after the
development. Besides, the interface seeking is usually based
on the difference of refractive indices of substrates and pho-
toresists in TPP system. Hereby, adding immersion oil (that
has refractive index identical to glass) between the objec-
tive lens and the glass promotes the seeking of interfaces,
since it eliminates the interface between substrates and air.
But on the other hand, we found that if the immersion oil
was only added to the bottom side of the glass, the exposed
pattern was difficult to find under the microscope (Fig. 3a).
Even though the pattern has emerged if the focal point was
manually moved away from the substrate, the pattern shown
under microscope was shifted to another position as well.
Another approach to find a clear exposed pattern was adding
one more droplet of immersion oil on the top of the SU-8
film. In this case, the pattern was clear as shown in Fig. 3b,
and the immersion oil on both sides of the sample can be
washed away during development. The enhancement of the
microscope viewing may be ascribed to the backreflection
from the second drop of immersion oil, which also affected
the laser intensity required for polymerization. We found
that laser with lower intensity may induce bubble formation
with addition of second drop. Herein, lower laser intensity
should be used and it satisfied the requirement of polymeri-
zation. This configuration also exerted additional stress on
the final structures during development due to the adhesion
of immersion oil to the SU-8 photoresist especially when the
oil became drier after postbake. Nevertheless, given the fact

(b) With second immersion oil

Fig.3 Influence of adding second droplet of immersion oil. a The
immersion oil was only added on the bottom side of the substrate.
The exposed pattern was hard to find. b The immersion oil was added
on both sides of the substrate. A clear edge of exposed pattern can be
found under microscope

that a better view of exposed pattern is of the utmost impor-
tance for a hybrid method, we have adopted this method for
all further tests.

3.2 Influence of quick postbaking time

In contrast to conventional photolithography, our method
requires another quick postbake to visualize the exposed pat-
tern. Generally speaking, a longer postbaking time results in
better cross-linking of oligomeric epoxides in SU-8. How-
ever, it not only increases the time cost, but also makes the
SU-8 film more difficult to develop (Narimannezhad et al.
2013). Therefore, we have examined the optimal quick post-
baking time to achieve a clear view of exposed pattern. As
the exposed pattern became visible after putting the sample
on the hotplate at 95 °C for 10 s, we have chosen four differ-
ent samples with different quick postbaking times of 10, 20,
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30, 40 s, respectively. As shown in Fig. 4, the exposed pat-
tern in sample A that has undergone 10 s of quick postbake
was difficult to find, not to mention the alignment. On the
contrary, sample B has received more heat (20 s) and its pat-
tern was much clearer under the microscope. However, if the
time of quick postbake was further increased, the patterns
became a little bit blur again. Herein, we have chosen 20 s
as an optimal quick postbaking time in the following tests.

3.3 Selection of laser intensity

As described above, a high-intensity laser usually induces
bubble formation during TPP process while the low-inten-
sity laser results in insufficient cross-linking. Besides, the
optimal laser intensity also depends on the properties of
the photosensitive materials. Therefore, we have done a
series of tests on fabrication of a truss structure using
different power intensities (15 mW, 17.5 mW, 20 mW,

(a) Quick postbake: 10 s

22.5 mW, and 25 mW). We found it was quite challeng-
ing to fabricate truss using 15 mW as the structures were
too soft and washed away after development. Moreover,
weak power intensities (17.5 and 20 mW) have given rise
to undesired deformation of the final structures (Fig. 5).
This was attributed to insufficient cross-linking, making
the structures vulnerable, and hence some parts of the
trusses were washed away. On the contrary, the higher
intensity (22.5 mW) resulted in a firm structure that
matched the CAD model. However, if the power inten-
sity was too strong (e.g., 25 mW), the bubbling maybe
induced and demolished the structures. Nevertheless, it
is worth mentioning that the optimal intensity is flexible,
as it depends on the structure properties and geometries.
When the cross-section of the structures is large enough,
the favourable power intensity should be smaller. This can
be attributed to the overlapping exposures between the
adjacent voxels.

Quuck postbake: 30 s

(c)

(d) Quuck postbake: 40 s

Fig.4 Study of the impact of quick postbaking time on finding exposed pattern. A quick postbake of 20 s showed the clearest edges of exposed

pattern
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17.5 mW 20 mW 22.5 mW 25 mW

Fig.5 Low-intensity laser led to undesired deformation of the final truss structures while a high-intensity laser may induce bubble formation
during TPP process. Therefore, a careful calibration of laser intensity is highly recommended before the fabrication

500 pm

50 pm S0 pm

Fig.6 A simple block was used to test the feasiblity of the proposed of the regions where the structures connected with the block for the
method. a A 3D design that manifests the idea of how the block is gap of identical dimensions. A small opening between two structures
used to connect segmented parts. b SEM image of the hybrid struc- was marked with red circle. d Elongated block used to compensate
ture fabricated by photolithography and TPP. ¢ Zoomed SEM images the gap between two structures

@ Springer



97 Page8of11

Microfluidics and Nanofluidics (2018) 22:97

3.4 Proof-of-the-concept fabrication

The first design used to demonstrate the capability of com-
bining photolithography and TPP is a simple block that con-
nects two segmented microchannels (Fig. 6a). Even though
the desired thickness of SU-8 film (40 um as a demonstra-
tion) on the glass is predictable according to protocol, it is
impossible to know the exact value before the development.
Given that there is no SU-8 above the top surface of the
photoresist film, TPP process only happens in the immer-
sion oil for the part extruded. Therefore, thick designs that
exceed photoresist film should result in identical structures
with the same thickness. However, the proper estimation of
the final height is still demanding to reduce the fabrication
time wasted on the extruded parts. Based on this assumption,
we printed a block with the same length and width, but of
the larger height (45 pum).

To give a closer look on the final structure, scanning elec-
tron microscopy (SEM) system (Hitachi S-3000N-VP-SEM,
Japan) was used. As showed in Fig. 6b, a simple block fabri-
cated by TPP was successfully connected to the segmented
microchannel fabricated using photolithography. Neverthe-
less, after zooming in, the surface of the final structure was
not as smooth as expected (Fig. 6¢). This thickness varia-
tion could arise from the flowing of SU-8 during softbake
(Lin et al. 2002). Furthermore, a contact profiler (P7, KLA-
Tencor, CA) was used to measure the surface profile in the
region where hybrid structures were connected. It was found
that the roughness of the surface fabricated by photolithogra-
phy was around 0.2 um, which was acceptable for the major-
ity of microfluidic applications. Additionally, there were two
small ridges (less than 1.5 um in height) in the connecting
areas. This problem may be attributed to different shrink-
age rates between the photolithography-fabricated parts and
TPP-fabricated parts. Nevertheless, compared to the entire
thickness of 40 pum, the difference was almost negligible.
A small opening was also found in the bottom of the con-
necting region, which was probably due to low resolution
and transmittance from plastic mask, and can be simply
improved if high-resolution masks are used. Alternatively,
an elongated structure (e.g., length of 130 pm) with the
large overlaps can be adopted to compensate the deficiency
(Fig. 6d). Last but not least, a small deviation was also found
in x direction, and it was an inevitable shortcoming for the
proposed hybrid method as the alignment of the printed
structure and exposed pattern depended on the clarity of
edges in the exposed pattern.

3.5 Various microstructures fabricated using hybrid
methods

To further investigate the performance of hybrid method,
several microstructures with different designs have been
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fabricated. As presented in Fig. 7a, a series of grooves
having the same height of 5 um, but different widths rang-
ing from 0.5 to 5.0 um with an increment of 0.5 pm were
fabricated. Specifically, the grooves with the widths more
than 1.5 um were successfully fabricated with the vertical
walls as expected. However, two grooves with the widths of
0.5 and 1.0 um collapsed and the walls between them were
connected to each other, which can be attributed to their
high aspect ratios. Nonetheless, the results have proven this
method to be promising in fabrication of 3D master moulds
with high resolution. Additionally, other designs in a con-
necting block were also fabricated (Fig. 7b, c, d), including
cone-shaped cavities, cylindrical pillars, and UIC characters,
respectively. Their PDMS replicas are shown in Fig. 7e, f,
g, respectively.

In addition, owing to the rapid photolithography process,
the time costs for these hybrid structures were much less than
that of the structures printed solely by TPP (Table 1). For
instance, for a micromixer mould with a connecting block
that has structure of cylindrical pillars, the pure TPP for the
main channel via solid TPP printing (i.e., solidification at
each point with 63x NA 1.4 objective) required 928 h and
20 min, which was almost impossible to achieve. Although
adopting scaffold method (i.e., solidification only existed
on external surfaces and internal scaffolds) or using other
objective (e.g., 25x objective) can mitigate the workload, the
final time cost was still huge, not to mention low resolution
obtained from 25x objective. Besides, when printing large
structure using TPP, stitching has to be applied because of
the limitation of the printing field. Herein, the final struc-
tures were made of numerous small parts, which gave rise
to non-smooth surfaces or even steps between them. On the
other hand, the connection in the proposed hybrid method is
only required between the regions of interest and the main
channels, hence the steps only exist in limited areas.

3.6 Demonstration of microfluidic application:
a passive micromixer

As aforementioned, soft lithography has become a com-
monly used method in microfluidics, and the proposed fab-
rication method has opened a new door to fabricate reliable
master moulds for soft lithography. Micromixer is an impor-
tant component that has been commonly used in microfluid-
ics due to the fact that viscous force becomes ineligible at
microscale and the laminar flow is dominant in the most
cases. Hence, mixing in a microchannel is mainly fulfilled by
means of passive diffusion, being insufficient for most sce-
narios. Nowadays, various micromixers have been developed
to facilitate mixing at microscale, including passive and
active micromixers. In this paper, we have created a passive
micromixer to demonstrate the capability of hybrid fabrica-
tion method for microfluidic applications. Specifically, the
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Fig.7 a SEM image of the block with various grooves ranging from
0.5 to 5.0 um. b—d SEM images of various designs fabricated via
hybrid method, including cone-shaped cavities, cylindrical pillars,

and UIC characters, respectively. e-g SEM images of corresponding
PDMS replicas, respectively

Table 1 Time cost for three different designs (40 pum thick) using hybrid method or pure TPP

Structures Prebake (min) Exposure Quick postbake TPP process Postbake ~ Develop-
(min) ment
(min)
Connecting block with cone-shape cavities 10 45s 20's 14 min 53 s 8 5
Connecting block with cylindrical pillars 10 45s 20's 10 min 55's 8 5
Connecting block with UIC characters 10 45s 20's 15min 53 s 8 5
Pure TPP for main channel (solid) 10 N/A N/A 928 h 20 min 8 5
Pure TPP for main channel (scaffold) 10 N/A N/A 131 h 18 min 8 5

main channel of micromixer was fabricated using photoli-
thography while three gaps were later filled with three cha-
otic mixing components using TPP. As presented in Fig. 8a,
b, each chaotic mixing component composed of four trian-
gular blocks that were organized alternatively. Pillars with
the diameter of 6 um and length of 12 um were also added
to the surfaces of the blocks to further agitate the flows.
After creating the PDMS-based device using as-fabricated
mould, we injected the solution of 0.02% w/v fluorescein
sodium salt (Sigma-Aldrich) and DI water into two inlets at
the flow rate of 0.5 ml/min, respectively (Fig. 8c). It is worth

noting that after two chaotic mixing components, they were
mixed completely.

4 Conclusion

To summarize, we have successfully developed a new
method to create master moulds for soft lithography using
the combination of photolithography and TPP. It not only
takes the advantages of traditional photolithography,
where relatively large structures can be simply and rapidly
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Inlet

Fig.8 A passive mixer fabricated using hybrid fabrication method. a
Schematic illustration of the mixing component composed of four tri-
angular blocks. b Image of the mixing component in a fabricated soft

fabricated, but also incorporates 3D fabrication using TPP.
Hereby, the proposed method avoids the huge time expenses
that are inevitable when creating the entire structures by
TPP. Additionally, various complex 3D structures can be
created in the region of interest with high resolution. Moreo-
ver, owing to the advantages of soft lithography, even though
the master mould should be fabricated in a clean room, it can
be used for multiple times to create PDMS replicas, further
reducing the costs for single device.

Nevertheless, the hybrid method still has its own defi-
ciencies. For instance, as the exact thickness of SU-8 film
remains unknown before the TPP process, a careful predic-
tion is required to minimize the difference in thicknesses
between two structures. Additionally, as the alignment of
TPP-based structures to existing exposed pattern is based
on the clarity of exposed edges, the operational errors are
inevitable. Thereby, the small shifts between two structures
often exist. Besides, an addition of the second droplet of
immersion oil on the top of SU-8 exerts additional stress on
final structures, thus requiring a careful development pro-
cess. An optimal laser intensity is also demanding to obtain
reliable master moulds as well as avoiding bubble forma-
tion during the TPP process. Finally, the structures were
fabricated on a brittle and thin glass cover slide, thus care
should always be taken when handling the process. None-
theless, this method has proposed a new approach to create

@ Springer

Outlet

lithography master mould. ¢ Image that showed a complete mixing
achieved after two mixing components

complicated microfluidic devices with high resolution in a
simple and faster way.
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