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Abstract Using thermoplastic polymers as substrate
material is an attractive approach to develop low-cost,
disposable microfluidic devices. This study investigates a
simple and rapid polymer replication method of fabricating
microchannels by a hot roller embossing process. The hot
roller embosser used in this study was modified from a
commercially available film laminator, and the roller
micromold was fabricated by spin coating an SU-8 layer on
a flexible copper sheet. A straight microchannel measuring
5 cm long, 200 pm wide, and 41.4 um deep was used to
evaluate the imprinting performance on cyclic olefin
copolymer and polyvinylchloride film. This study also
investigates the effects of hot roller embossing tempera-
ture, rolling speed, and embossing pressure on the micro-
channel depth and geometry transfer efficiency.

1 Introduction

Using polymer substrate material for microfluidic systems
has been widely applied in recent years. Compared with
microfluidic chips fabricated on glass, quartz, or silicon
substrates developing in early stage, polymer microfluidics
offer lower raw material costs and allow using a master
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mold to replicate inverse microstructures on the substrate
for mass production. Polymer materials also provide a wide
variety of chemical, optical, and mechanical properties for
various application requirements. Because of these
advantages, polymer substrates are ideal raw materials for
low-cost disposable microfluidic chips in biological appli-
cations. The polymer selection and microfabrication
methods for polymer microfluidic systems have been
summarized well in recent review articles (Becker and
Gartner 2008; Becker and Locascio 2002; Tsao and DeVoe
2009). Among the various polymer materials used in
microfluidic systems, thermoplastics such as polycarbonate
(PC), polymethylmethacrylate (PMMA), polyethylene
terephthalate (PET), polyvinylchloride (PVC), and cyclic
olefin copolymer (COC) are the most commonly used
polymers because of their good mechanical strength,
optical transmissivity, chemical resistance, and biological
compatibility performance. Researchers have developed a
wide variety of thermoplastic replication methods, includ-
ing hot embossing (Greener et al. 2010; Juang et al. 2002;
Li et al. 2008; Martynova et al. 1997) thermoforming
(Dreuth and Heiden 1999; Truckenmuller et al. 2002) and
injection molding (Attia et al. 2009; McCormick et al.
1997), to fabricate polymer microfluidic chips. Using
polymer replicas created by hot embossing is the most
widely applied approach. This method usually involves
heating the thermoplastic above its glass transition tem-
perature (7,), followed by applying pressure between
master mold and thermoplastic for a certain amount of
time. The thermoplastic is then cooled below its T, and the
embossed thermoplastic is removed from the master mold.
Although hot embossing is the most simple and straight-
forward thermoplastic replication method, this technique
suffers from long thermal cycles (typically more than
10 min), which limits mass production capability. Injection
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molding is another well-known polymer replication
method for composing conventional polymer parts. This
method has also been used to fabricate polymer microflu-
idic devices for mass production purposes. However,
because of its comparatively high equipment cost, high
operating temperature, high injection pressure, and robust
micromold requirements, injection molding is not widely
applied in polymer microfluidic fabrication at the labora-
tory scale.

Recent studies demonstrate a fast and simple reel-to-reel
polymer replication method called roller embossing. This
process is achieved by transferring the micropatterns to a
thin foil from a cylindrical roller mold. UV imprinting (Liu
and Chang 2007; Nezuka et al. 2008) is a commonly used
roller embossing process. The UV imprinting process
exposes the UV-curable resin sheet to UV light to solidify
the imprinted resin during the embossing process. Because
UV-curable resin is polymerized before release from the
roller mold, the UV-curing roller embossing process can
achieve good microstructure transfer efficiency with less
polymer microstructure deformation. Tens to hundred
micrometer feature size can be readily achieved by using
this process. A major drawback of this process is that it can
only be applied to UV-curable resin, which limits the
material selection for application needs. Other studies
investigate hot roller embossing for continuous thermo-
plastic film replication. Instead of using a UV light source,
hot roller embossing uses a hot roller to heat the thermo-
plastic film above its T,, imprints the microstructure onto
the thermoplastic film, and releases the imprinted film from
the mold. Several types of thermoplastic materials,
including poly(methyl methacrylate) (PMMA) (Ng and
Wang 2009; Yeo et al. 2010), PET (Ishizawa et al. 2008),
PVC (Shan et al. 2010), polystyrene (PS) (Seo et al. 2007),
and PC (Velten et al. 2008) have been used in the hot roller
embossing process.

Hot roller embossing involves more fabrication chal-
lenges than the UV roller embossing process. Recent
studies have reported that the imprinted microstructure is
correlated to key process parameters such as embossing
temperature, roller speed, and roller embossing pressure
(Ishizawa et al. 2008; Ng and Wang 2009; Yeo et al. 2009,
2010). It was found that higher process temperature and
process pressure are usually required. Other process effects
such as microstructure density (Yeo et al. 2010) and line
spacing (Shan et al. 2010) effects were also investigated.
Another major fabrication challenge in hot roller emboss-
ing arises from roller micromold fabrication. Because of
the higher temperature and pressure requirements of the hot
roller embossing process, a rigid and high-temperature
resistance roller mold is required. Therefore, the poly-
dimethylsiloxane (PDMS) soft roller mold (Wu et al. 2009)
used in UV roller embossing is not suitable. A commonly
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used roller mold fabrication method involves electroplating
the nickel microstructure onto a flexible metal film and
wrapping it onto the cylinder roller to form a robust roller
mold (Ishizawa et al. 2008; Ng and Wang 2009; Yeo et al.
2009, 2010). Other methods, such as spin coating liquid
crystal polymer (LCP) (Shan et al. 2010) or poly(urethane
acrylate) (PUA) (Seo et al. 2007) onto a flexible sheet, are
also effective methods for hot roller embossing.

A commercially available film laminator can success-
fully pattern microstructures. Shan et al. has demonstrated
using a roller laminator to create micro-patterns on green
ceramic substrates for microelectronic applications (Shan
et al. 2008). The experiments in this study used a low-cost,
commercially available film laminator for the hot roller
embossing process, and fabricated SU-8 microstructures on
a flexible thin copper sheet to create roller master mold for
continuous polymer microchannel replication in microflu-
idic applications. The following section presents a discus-
sion on the effects of major hot roller embossing process
parameters, including hot roller embossing temperature,
rolling speed, and embossing pressure, on imprinting
performance.

2 Experimental
2.1 Chemicals and materials

SU-8 3050 and SU-8 developer were purchased from
Microchem Corporation (MA, USA). PDMS was pur-
chased from Dow Corning Corporation (Sylgard 184, MI,
USA). 2-propanol (IPA, HPLC grade) was purchased from
J. T. Baker (NJ, USA). Hydrogen peroxide (H>O,, 31 %,
electronic grade) was purchased from BASF Corp. (Lud-
wigshafen, Germany). The 250 pm-thick COC sheet with a
glass transition temperature of 78 °C was received as a free
test sample from TOPAS advanced polymers, Inc. (Topas
8007, KY, USA). The 250 um-thick PVC sheet with a
glass transition temperature of 80 °C was purchased from
Vinyl Solutions LLC. (SDPC-2S, PA, USA). The COC and
PVC test samples were cut into 6 x 6 cm square pieces
and cleaned with IPA and DI water, dried with nitrogen
blow, and dehydrated in a vacuum oven (VO-27, Paymo
Technology Inc. Taiwan) at 85 °C for 2 h before hot roller
embossing.

2.2 SU-8 roller master mold fabrication

SU-8 is a UV-curable photoresist with good mechanical
and thermal stability that is widely used as a flat micromold
for composing polymer microfluidic devices. Although
applying a flat master mold is a feasible approach in roller
embossing, using a roller mold is essential for continuous
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imprinting. The experiments in this study involved the
fabrication of SU-8 microstructures onto the cylinder roller
using the following fabrication procedures. This study used
a single straight microchannel measuring 5 cm long and
200 pm wide mask design to evaluate the hot roller
embossing performance. To ensure good SU-8 adhesion,
the 7 x 7 cm, 300 um-thick flexible copper sheet was first
cleaned with in H,O,/DI water (1:1 v/v) bath for 20 min
followed by IPA and DI water rinse and nitrogen blow dry.
SU-8 3050 was spin coated onto the copper sheet using a
spin coater (General Space Enterprise, GSSP-02A), with
30 s 500 rpm pre-spinning and 50 s 1,800 rpm spinning,
followed by pre-baking at 95 °C for 15 min. The SU-8-
coated copper sheet was then aligned with mask and
exposed to a UV light source (AGL100, M&R Nano
Technology Co., Ltd., Taoyuan, Taiwan) for 70 s, followed
by post-baking at 95 °C for 15 min. After UV exposure,
the mold was immersed in an SU-8 developer for 10 min,
and rinsed with IPA and DI water to create SU-8 micro-
structures on the copper sheet. The resulting SU-8 mold
measured approximately 41.4 pm high according to a
surface profilometer (Dektak 6 M, Dymek Ltd.). The
copper sheet was then tightly wrapped and fixed onto a
custom-made 30 mm diameter stainless steel cylinder
embossing roller as roller master mold. The SU-8 3050
microstructure layer exhibited better adhesion to the copper
sheet surface if the copper sheet is cleaned with H,O,/DI
water bath (1:1 v/v) removing surface contamination and
oxidation prior to SU-8 coating. SU-8 layer delamination
was observed after 50 embossing runs Otherwise, the SU-8
layer will be delaminated within 10-20 embossing runs.

2.3 Cross-section profile characterization via PDMS
casting

Microchannel depth measurement using profilometer is a
commonly used approach to characterize the hot roller
embossing height. However, a stylus-based profilometer
may have difficulty recording the microstructure cross-
section profile accurately, especially on the bottom corner.
Other methods of observing microchannel cross-section,
such as directly cutting the thermoplastic film, may also
cause debris issues on the microchannel edge, affecting the
measurement accuracy under a microscope. This study uses
the PDMS microcasting method to characterize the cross-
section profile instead of using a surface profilometer and
direct dicing. A PDMS mold offers good casting resolution,
and is capable of achieving a minimum casting resolution
of 40 nm (Ye et al. 2009). This casting accuracy is suffi-
cient to characterize the 200 x 40 um-sized thermoplastic
microchannels used in this study.

PDMS microcasting is a straightforward process that
includes several simple steps. First, the PDMS based with

curing agent is mixed at a 10:1 volume ratio, and the
PDMS mixture is degassed in a vacuum oven at room tem-
perature for 60 min. After degassing, the PDMS mixture is
poured onto the embossed thermoplastic film. The vacuum
oven is set at 72 °C and vacuum to cast the microchannels.
The PDMS mold from the thermoplastic film was peeled off,
and the PDMS microchannel castings were diced using a
razor blade. The microchannel cross-section images were
acquired using an inverted microscope (Nikon Ti-U, Japan).
The microchannel cross-section outline profiles were further
captured and summarized by AutoCAD to enable simple
cross-section profile comparison.

3 Results and discussion

The hot roller embosser presented in this research paper
was modified from a commercially available four-roller
film laminator (HK-330D, Tailami Ltd.) with a temperature
control ranging from 60 to 160 °C and a seven-step-rolling
speed controlled from 0.56 to 2.77 cm/s. Figure la shows
the hot roller embossing experiment, and Fig. 1b shows a
schematic illustration of the hot roller embossing process.
The hot roller embosser consists of a pair of pre-heating
rollers in the front (Fig. 1b, rollers A and B). These rollers
pre-heat the thermoplastic film and another pair of
embossing rollers in the back (Fig. 1b, rollers C and D)
heat and imprint the thermoplastic film. The SU-8 roller
mold was installed in embossing roller C (Fig. 1b), and the
hot roller embossing pressure was controlled by adjusting
the gap between embossing rollers C and D. The emboss-
ing pressure was measured using a thin, flexible pressure
sensor (FlexiForce® Sensors, Tekscan, Inc., USA). The hot
roller embossing starts with feeding the thermoplastic film
into the roller. Hot rollers A and B pre-heat the thermo-
plastic film to ensure sufficient heating before embossing.
The thermoplastic film was then transferred to embosser
rollers C and D to imprint the microchannel patterns onto
the thermoplastic film. After embossing, ~5 s compressed
air blow was applied to the thermoplastic film, which was
then removed from the roller mold. The embossing tem-
perature, roller speed, and embossing pressure are the three
most critical process parameters in hot roller embossing.
The following sections discuss their effects on the micro-
channel depths and the microchannel geometry transfer
efficiency of two commonly used thermoplastics (COC and
PVC) in the microfluidic devices.

3.1 Effects of hot roller embossing temperature
This section evaluates the effects of hot roller embossing

temperature on the microchannel depth transfer efficiency.
This study uses a hot roller embossing temperature ranging
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Fig. 1 a Hot roller embossing experiment setup b schematic illus-
tration of hot roller embossing process

from 90 to 160 °C, an embossing pressure of 1.1 MPa, and
a rolling speed of 0.56 cm/s to study the embossing tem-
perature effects. Figure 2 presents the experiment results.
The microchannel depth transfer efficiency percentage was
defined by the embossed microchannel depth divided by
the SU-8 micromold height. For the COC film depicted in
Fig. 2a, the embossed depth measured from 4.3 £ 0.9 to
13.6 £ 1.7 um between 90 and 140 °C. When the
embossing temperature exceeded the 140 °C threshold,
the embossed microchannel depth increased close to the
micromold depth of 41.4 um. An optimized depth transfer
efficiency of 101 % (41.9 £+ 1.4 pm) was achieved at an
embossing temperature of 150 °C. In theory, a polymer is
easier to deform when it reach its 7, point, as indicated by
the experimental results shown in Fig. 2a. When the
embossing temperature was set between 90 and 140 °C,
only 10-33 % depth transfer efficiency was achieved, and
depth variation has less correlation with embossing tem-
perature at this low temperature range. The depth variation
in this range may presumably be caused by the experiment
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Fig. 2 Effect of hot roller embossing temperature to the microchan-
nel depth on a COC b PVC film. The SU-8 microchannel mold height
was 41.4 pm and error bars shown in the figure represent the standard
deviation obtained from three different measurements

errors from the film laminator temperature, speed and
pressure control accuracy. When the hot roller embossing
temperature set exceeded the 140 °C threshold, the COC
film surface surpassed its 7, point, and the resulting COC
polymer reflowed into the micromold cavities more effec-
tively. Thus, a sharp transition was observed at 140 °C.
The overheated COC reflow tended to stick to the roller
micromold after heating above 150 °C, resulting in a large
microchannel depth variation in the 150-160 °C range.
Similar experimental observations appeared in the
embossed PVC film (Fig. 2b). The embossed microchannel
depth slightly increased from 5.2 + 0.3 to 16.5 £ 3.7 um,
with 12.6-39.9 % depth transfer efficiency, respectively,
when the embossing temperature increased from 90 to
130 °C. As the embossing temperature increased to
140 °C, a 100 % microchannel depth transfer efficiency
(41.7 &£ 1.7 pm) was achieved. A large microchannel
depth variation was observed as the embossing temperature
increased to 150 and 160 °C. This is presumably because
the overheated polymer sticks to the micromold, resulting
in microchannel depth variation; this is detailed further in
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Fig. 3 Effect of hot roller embossing temperature to cross-section profile on a COC b PVC film

the following section. In the conventional hot embossing
process, the embossing temperature is normally set at
approximately 20 °C higher than the thermoplastic’s T, for
optimized embossing performance. In the hot roller
embossing process, however, a higher embossing temper-
ature was found because the thermoplastic film must be
heated above T, within a short period before entering the
embossing rollers. For optimized depth transfer efficiency,
the embossing temperature should be set to 150 and 140 °C
for COC and PVC films, respectively. These temperatures
correspond to 70 and 60 °C higher than their T, points.
Compared to COC film, a 10 °C lower embossing tem-
perature is required for PVC film at the same film thickness
of 250 um. This is presumably because PVC has a higher
thermal conductivity of approximately 0.19 W/K-m than

COC (roughly 0.12 W/K-m). PVC film can be more effi-
ciently embossed at a lower embossing temperature.

In the hot roller embossing process, microchannel dis-
tortion may occur after release from the micromold. Thus,
this study presents a discussion on the effects of hot
embossing temperature on the microchannel cross-section
geometry variation, in addition to the microchannel depth
transfer efficiency. Figure 3a shows the COC film cross-
section profiles at embossing temperatures ranging from 90
to 160 °C. Compared to the SU-8 micromold profile (dash
line) shown in the figure, only small geometry transfor-
mations appeared from 90 to 140 °C. Increasing the
embossing temperature to 150 °C, microchannel transfor-
mation approaching SU-8 micromold geometry was
achieved. When the embossing temperature increased to
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160 °C, the overheated COC microchannel geometry
became severely distorted and piled the approximate
20 pm COC material on the top corner. This is presumably
because, in hot roller embossing, the polymer film was
immediately released from the micromold before the
polymer film cooled below T,. Thus, the viscous polymer
reflow stuck to the micromold surface and was pulled up
during the removal step, creating the microchannel dis-
tortion and pile up effects. This also explains the bigger
embossing depth variations at high temperatures (Fig. 2).
The PVC film cross-section profiles in Fig. 3b indicate that
the embossed microchannel depth and cross-section
geometry gradually approached the micromold outline
(dash line) as the temperature increased from 90 to 140 °C.
Pile up effects also became apparent after heating above
140 °C. In the high temperature range of 150 and 160 °C,
the microchannel became severely twisted, with a maxi-
mum pile up height of approximately 35 pm on the top
corner.

3.2 Effects of hot roller rolling speed

In the hot roller embossing process, a higher rolling speed
leads to enhanced production throughput. However, a
higher rolling speed reduces the amount of time for
transferring heat and pressure to the polymer film surface
during hot roller embossing process. Insufficient heating
and pressure application may result in incomplete
imprints. Therefore, it is necessary to investigate the
effects of rolling speed on the microchannel depth and
geometry transfer efficiency. The experiments in this
study used seven different rolling speeds ranging from
0.56 to 2.77 cm/s, with a 1.1 MPa embossing pressure
and optimized embossing temperatures of 150 °C for
COC and 140 °C for PVC. Figure 4a shows that a nearly
100 % (41.9 &£ 1.4 um depth) microchannel depth
transfer efficiency was achieved at the lowest rolling
speed of 0.56 cm/s for the COC film. As rolling speed
increased to 0.93 cm/s, the microchannel depth transfer
efficiency dropped dramatically to 30 %, creating a
12.3 £+ 0.9 pm microchannel depth. The depth transfer
efficiency further decreased to only 14 % at the highest
rolling speed of 2.77 cm/s. Thus, the embossed depth
transfer efficiency decreases as the rolling speed increa-
ses. Similar to COC films, the PVC film shown in Fig. 4b
displays 100 % (41.7 = 1.6 um depth) depth transfer
efficiency at 0.56 cm/s. However, the transfer efficiency
decreased to 44, 24, 19, 16, 12, and 9 % as the rolling
speed increased to 0.93, 1.29, 1.68, 1.98, 2.51, and
2.77 cm/s. The rolling speed-microchannel depth chart
displayed in Fig. 4 shows that the microchannel depth
transfer efficiency exhibits a decreasing tendency with
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Fig. 4 Effect of rolling speed to the microchannel depth on a COC
b PVC film. The SU-8 microchannel mold height was 41.4 pm and
error bars shown in the figure represent the standard deviation
obtained from three different measurements

increasing rolling speed. The lowest rolling speed of
0.56 cm/s is required to optimize depth transfer effi-
ciency of both COC and PVC films.

Figure 5a shows embossed COC microchannel cross-
section profiles corresponding to various rolling speeds.
A good microchannel imprint was achieved at the lowest
rolling speed of 0.56 cm/s, and a pile up height of
approximately 10 pm was created on the top micro-
channel corner. At 0.93 cm/s, the microchannel depth
decreased to approximately 12 pm. At a rolling speed of
1.29 cm/s, the flat-bottom microchannel cross-section
profile became parabolic. The embossed microchannel
further decreased as the rolling speed increased from 1.29
to 2.77 cm/s. The embossed PVC (Fig. 5b) film displayed
a similar phenomenon. Optimized imprint was achieved
at 0.56 cm/s, as the microchannel depth decreased at
higher roller speeds. The decreasing microchannel trend
in both COC and PVC films was due to insufficient
heating to soften the polymer surface at higher rolling
speeds.
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3.3 Effects of hot roller embossing pressure

Embossing pressure also plays an important role in mi-
crochannel formation. The experiments in this study used
seven different embossing pressures (0.28, 0.41, 0.55, 0.69,
0.82, 0.96, and 1.1 MPa) to investigate microchannel depth
and geometry transfer efficiency. The optimized rolling
speed of 0.56 cm/s with 150 °C (COC) and 140 °C (PVC)
embossing temperature were used to study the pressure
effects. Figure 6a shows an embossing pressure—depth
transfer efficiency chart for embossed COC film. A depth
transfer efficiency of only 36.5 % (15.1 £ 0.5 pm)
was achieved at 0.28 MPa, and the efficiency increased
to 58.6 (242 £ 1.6 pm), 44.6 (18.4 + 0.9 um), 60.6
(25.1 £33 pm), 60.6 (25.1 £ 2.7 um), and 72.7 %

(30.1 £ 0.5 pm) for roller pressures of 0.41, 0.55, 0.69,
0.82, and 0.96 MPa, respectively. Atl.1 MPa roller pres-
sure, approximately 100 % (41.9 & 1.3 pm) depth transfer
efficiency was achieved. For the PVC film shown in
Fig. 6b, microchannel imprinting with a depth <1 um was
created at the lowest 0.28 MPa roller embossing pressure.
The microchannel channel depth transfer efficiency
increased from 20.4 to 84.0 % as the pressure increased
from 0.41 to 0.96 MPa, respectively. The maximum pres-
sure of 1.1 MPa achieved 100 % microchannel transfer
efficiency with 41.7 £ 1.6 pm depth.

The COC film embossing pressure—cross-section rela-
tionship displayed in Fig. 7a shows that the channel
depth increased in conjunction with the embossing pressure.
A roller pressure greater than 0.28 MPa leads to
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Fig. 6 Effect of embossing pressure to the microchannel depth on
a COC b PVC film. The SU-8 microchannel mold height was
41.4 pm and error bars shown in the figure represent the standard
deviation obtained from three different measurements

approximately 4—-12 pum pile ups on the microchannel cor-
ner. Good microchannel pattern transfer was found at the
maximum pressure of 1.1 MPa. The PVC film embossing
pressure—cross-section relationship shown in Fig. 7b
reveals no pattern transfer at a minimum roller pressure of
0.28 MPa. Microchannel imprints appeared when the roller
force exceeded 0.41 MPa, and the embossed depth increased
with roller force similar to COC film results.

The embossing temperature, rolling speed, and roller
embossing pressure experiments above reveal the hot roller
embossing temperature (150 °C for COC and 140 °C for
PVC), rolling speed (0.56 cm/s), and embossing pressure
(1.1 MPa) required for optimal imprinting efficiency.
Although good depth and geometry transfer efficiency were
achieved in the optimized process condition, we observe
two major drawbacks caused by the hot roller embossing
process. First, because of the high process temperature in
hot roller embossing, the thermoplastic film is subjected to
have warpage after embossing for COC and PVC films.

@ Springer

Second, polymer pile ups may be created at the micro-
channel top corner. Especially for COC films, approxi-
mately 10 um pile ups were created under the optimized
process conditions. The polymer pile up and warpage
defects may affect the post-bonding process and cause
failure bonds or microchannel delamination for microflu-
idic applications. A post-bonding process using a hot roller
laminator was performed to further address this concern.
Another 250 um-thick COC cover sheet pre-drilled with
inlet and outlet reservoirs was bonded to a hot roller
embossed COC microchannel. The bonded COC micro-
channel cross-section image reveals minimum microchan-
nel deformation or microchannel delamination after the hot
roller embossing and bonding process (see supplementary
material). The microchannel was connected to a syringe
pump (Legato 100, KD Scientific Inc.) and a color dye was
injected to test the microchannel sealing. No leakage
occurred at a 5.2 ml/h pumping rate. The microchannel
scale and pumping flow rate met the requirements of most
pressure (Liu et al. 2000; Stroock et al. 2002) or any
electrokinetic (Li et al. 2004; Wang et al. 2010) -driven
microfluidic devices, suggesting that the hot roller
embossing process is a suitable approach to fabricate
microchannels for microfluidic applications.

4 Conclusion

This study successfully demonstrates the fabrication of
COC and PVC microchannels using hot roller embossing
by a modified laminator. The hot roller embossing process
cycle was complete within 1 min, creating a rapid poly-
mer replication approach to composing polymer micro-
fluidic devices. The results of this study reveal the optimal
parameters of the hot roller embossing process for
microchannel depth and cross-section geometry variation.
Results show that the hot roller embossing temperature
should be set at 60-70 °C above the thermoplastic’s T,
point for optimized imprints. The microchannel depth and
microchannel transfer efficiency increased as the rolling
speed decreased and the embossing pressure increased.
Although pile up and warpage defects on the micro-
channel corner also appeared under optimized process
conditions, these defects can be eliminated by the post-
bonding process with good bonds and no leakage. Results
demonstrate that the hot roller embossing process is a
simple, fast, and low-cost method of creating micro-
channels for microfluidic applications. The proposed
approach enables researchers to fabricate polymer
microfluidics or emerging card-based lab-on-a-foil (Focke
et al. 2010; Lutz et al. 2010; Velten et al. 2008) micro-
fluidic devices.
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