Effect of solvent lamination on roll-to-roll hot-embossed PMMA microchannels

evaluated by optical coherence tomography
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Manufacturing of microfluidic based diagnostic devices requires small tolerances and uniform quality to
guarantee reliable and repeatable test results. This work describes characterization of morphological changes
that occur to a hot embossed PMMA microfluidic channel after solvent lamination with a PMMA lid. A non-
contact cross-sectional analysis of the lidded microfluidic device was performed by optical coherence
tomography (OCT). The solvent induced morphology change led to a porous structure in bottom corners of
hot-embossed channels, which allowed a fluid to absorb in the material. The measurements of solvent diffusion
showed faster diffusion rate at the corners of the channel, in which the accumulated stress during the embossing
process was the highest. The stress profile was verified by simulation of von Mises stresses during a molding
phase of a hot embossing process. The porous structure with increased fluid diffusion has an unwanted effect
on bioassay result, e.g. when detection molecules leak into the substrate thus leading to unspecific signal on
chip. OCT was found to be a valuable, non-destructive imaging method to monitor solvent diffusion process
and lamination process quality.
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Introduction

Microfluidics enables precise control of volumes and flow of fluids [1]. Technology allows small quantities of
biological samples and reagents to be moved, mixed and detected with high accuracy and speed. Thus, the
technology holds great promise for point-of-care diagnostics as complex laboratory procedures and
instruments can be minituarized into a single microchip.

Hot embossing technology is a low cost, flexible fabrication method, which allows fast and accurate replication
of high aspect ratio micro and nanostructures on a large area [2]. In the process, a polymer substrate such as
PMMA (polymethyl methacrylate) and COC (cyclic olefin copolymers), is heated over the glass transition
point and pressed against a master stamp imprinting a replica. The throughput of the method can be further
increased by roll-to-roll (R2R) hot embossing process where polymer web is continuously fed through a
pressurized area between embossing cylinder and a blank counter cylinder [3,4].

The hot embossed microfluidic channels have to be lidded prior use. There exists various bonding methods to
attach polymer layers together: thermal diffusion bonding, pressure-induced sealing, adhesive bonding,
thermal lamination, laser welding, surface treatment and conventional solvent bonding [5-8]. The solvent
bonding/lamination is one of the potential methods to be used in roll-to-roll process and mass production. In the
solvent lamination process of glassy polymers, such as PMMA and COC, typically non-Fickian diffusion
(case-11) occurs when temperature is below glass transition point [5,9-11]. In this diffusion process solvent
penetrates into the substrate with a sharp boundary of swollen layer and unpermeated glassy core. The mobile
polymers chains in the swollen layer diffuse and intertwine with the chains between the surfaces resulting a
very strong bond [6]. The rate that the swollen layer forms is affected for instance by medium composition,
immersion time and temperature [5]. During a molding phase of the embossing process the substrate



experiences high stress concentrations points and strains at the stamp corners [12,13] as well as material flow
[14], which can change the substrate composition and further affect the swollen layer formation rate.
Depending on the solvent-polymer interaction, dissolution process of the polymer can be uncomplete and result
a formation of a plasticized matrix [5]. If the matrix is porous it causes problems in a microfluidic operation
and effects on the reliability of the analysis. For instance, a porous structure may lead to false bioassay results,
e.g. when detection molecules leak into the substrate leading to unspesific signal amplification on chip.

The effects of solvents on polymers are well studied [9,15-17]. Various experimental techniques, such as
differential refractometry, laser interferometry, optical microscopy, ellipsometry and critical angle
illumination microscopy [17,18], have been applied to study penetration and dissolution kinetics. These
techniques are mostly applicable to study only thin films with the thickness of one micron or require a special
sample cell. Depth resolved characterization of dissolution process, for instance during solvent lamination
process, is unfeasible. A non-destructive, real-time imaging modality, optical coherence tomography (OCT),
has enabled micrometer scale visualization of a scattering media and flow. The utilization and the potential of
OCT has been well recognized in the field of rheology and microfluidics [19-26], ophthalmology [27] as well
as non-destructive testing [28,29]. OCT detects light that is backscattered from the material inhomogeneity i.e.
refractive index change. Thus, it can be used to investigate crystallization processes in polymers[30] and for
instance dissolution process during solvent lamination and crazing in polymer substrates.

In this study, we measure changes in morphology of hot embossed microfluidics on PMMA substrate after
solvent lamination. The swollen layer formation rate at walls of the microchannel is visualized, for the first
time to our knowledge, with OCT. We experimentally validate the existence of the local porous structure,
which will an impact on a readout of a fluorescent signal if excess of fluorescent labels and reagents cannot be
washed out. Simulation of hot-embossing process is performed to the estimated relation of the porous
structures to high stress and strain locations. We demonstrate that OCT is excellent tool for quality assurance
of complete microfluidic channels and to monitor dissolution process in polymer substrates.

Materials and measurement methods
Hot embossing of microfluidic channels on PMMA foil

The microfluidic channels were fabricated by roll-to-roll hot embossing (Fig. 1a) on thermoplastic polymethyl
methacrylate (PMMA) foil (Plexiglass 99524, Evonik R6hm, Germany) with a web width of 200 mm and
thickness of 375 um. The microfluidic channels (400 um in width) were drawn with a commercial software
(Rhino3D from McNeel, Spain) from which large area steel shim was fabricated by wet etching as described
in ref. [4]. The steel shim was laser welded into a closed cylinder and installed to hot embossing unit of the
roll-to-roll pilot line (Fig. 1b). The embossing parameters were 105 °C for embossing cylinder and 85 °C for
counter cylinder surface. The nip pressure and web speed were set as described in results.

a)

Figure 1 Roll-to-roll hot embossing process. a) The thermoplastic polymer web is continuously fed with



constant speed and pressure between a microstructured embossing cylinder and counter pressure cylinder
(arrow). 1) Unwinder (where the blank material comes from), 2) web path control, 3) counter pressure cylinder,
4) hot embossing cylinder, 5) rewinder (where the hot embossed material is rolled). The cylinders are heated
individually by oil circulation pumps. b) Image of the embossing unit at printing pilot line.

Lidding of microfluidic channels with solvent bonding

The embossed channels were cut out from the web and laminated individually with the help of a contact coater
(K Control coater 202, R K Print-Coat Instruments Ltd, UK). In short, the inlet and outlet vias (diameter 2mm)
were drilled on the PMMA cover layer (thickness 175 um, Plexiglass 99524, Evonik R6hm, Germany) and
aligned manually with cut out PMMA channels. Two layers were first bonded from the upper parts with a strip
of office tape and set to the control coater so that the cover lid was bend upwards under a metal rod leaving an
open gap between layers. 400 ul solvent mixture (25% EtOAc: 75% IPA) was pipeted between layers after
which cover lid was allowed to unroll on top of the channel layer with electronically driven metal rod (speed
14 cm st). The excess solvent remaining within the microfluidic channel was removed by water driven suction
hose. The bonded devices were allowed to dry overnight.

Optical coherence tomography

Structural characterization was done with the OCT device (Hyperion, Thorlabs Inc.). The axial (depth) and the
lateral resolution of the system are 5.8 (in air) um and 8 um respectively. By lateral scanning of a probing
beam structural intensity images of cross-sections of microfluidic channels are acquired. In axial direction
OCT measures optical path length differences. To obtain actual distances inside a sample images all of the
images are scaled with the refractive index (n) of water (1.33). The probing beam was set in a small angle in
relation to the microfluidic chip surface to reduce the strong backscattering from chip surface and improved
the sensitivity of the measurements inside the chip.

Results and discussion
Hot-embossed microchannels

Before the solvent lamination, the cross-section of the microchannel was characterized (Fig. 2a). By evaluation
of the scattering intensity and its uniformity inside the PMMA substrate, the morphology appeared
homogeneous. After the solvent bonding with the contact coater scattering areas appear below the corners of
the microchannel (see arrows in Fig. 2b). The areas are well defined and extent several tens of micrometers
deep. Because OCT signal originates from the refractive index changes in the material, such a strong signal
indicates that there is either heterogeneous material or there are air voids. To investigate possible existence of
air voids; the microchannel was filled with water (Fig. 2c). If the scattering sites are porous they will absorb
water and result attenuation of OCT signal due to the optical clearing effect that evens a refractive index
mismatch between the voids and a surrounding PMMA. Because the backscattered signal intensity in OCT is
proportional to the difference in refractive indexes of two materials, the larger difference in refractive indexes
results a higher signal intensity. If the refractive indexes are almost matching, backscattered signal becomes
too low to be detected by OCT. After 1 min of incubation of water the scattering areas start to vanish (Fig. 2d)
and after 5 min (Fig. 2e) they are almost completely disappeared. Such a result indicates that the scattering
sites consist mainly of porous PMMA. The air voids (n = 1) are filled with absorbed water (n = 1.33) which
leads to reduced light scattering intensity and cannot be detected anymore by OCT. Origin of the porous
structure is assumed to be a result of the ceased swelling-evaporation processes [31-33].
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Figure 2 The cross-section of microfluidic channel. a) Unlidded channel, b) empty channel with scattering
sites (arrows), c) filled with water (t = 0 min), d) filled with water (1 min of incubation) and e) filled with

water (5 min of incubation). Embossing parameters were 30 bar, v = 0.5 m/min, T (embossing cylinder) =
105 °C, T (counter cylinder) = 85 °C.

Response of PMMA to ethanol acetate

Previously proved the existence of voids and their location in the bottom corners of the laminated channel
structure shows that dissolution rate appears to be honhomogeneous. This indicates that the solvent diffusion
rate is somewhat influenced by the hot embossing. To verify this, the microfluidic channel was filled with
solvent (99.6% EtOAc) and covered with a piece of PMMA film (Fig. 3). The reason to use pure ethanol
acetate as a solvent was due to the fact that the original solution (25% EtOAc: 75% IPA) appeared to require
additional pressure to initiate a dissolution process. After adding the solvent, the piece of PMMA film was
placed over the microchannel and cross-sectional images were recorded at 5 s intervals up to 4 min.

Figure 3 att = 0 s shows the microchannel at the moment when the channel was filled with the solvent. At this
point there is no indication of a beginning of a dissolution process or swelling layer. At the t = 25 s dissolution
process has clearly started from the bottom corners of the microchannel. In addition, the solvent begins to
scatter light, which indicates that parts of the polymer molecules are detached from the solid surface and
dispersed into the solvent. After 50 s of incubation the sharp front of the dissolution process evolves much
faster at the bottom corners of the microchannel. After 100 s the leading edges of the swollen layer at the
bottom corners get deeper and wider. Finally, also so the middle bottom part is almost completely dissolved
after 200 s.
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Figure 3 Evolution of the dissolution process in the microfluidic channel filled with EtOAc (99.6%). At the
beginning the solvent is clear and channel is unaffected. After 25 s of incubation the solvent has dissolved
mostly the bottom corners and detached polymer molecules makes solvent more scattering. The faster
dissolution at the bottom corners becomes more evident at the times: 50 s, 100 s and 150 s. After 200 s the
middle bottom part is almost completely dissolved

While the lid was placed on top of the microchannel, some air bubbles were trapped into the channel (Fig. 4a).
At these locations the channel is nearly empty and most of the solvent located only at the sidewalls. In Figure
4b, the cross-sectional image is measured at point of on a trapped air bubble. The solvent has diffused into
PMMA mainly at the bottom corners and films’ interface, however, the middle bottom part of the microchannel
is not dissolved. A shape of the microchannel is retained after 200 s. Scattering sites, emerged in the bottom
corners, are similar to those ones laminated by the contact coater.
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Figure 4 The dissolution process after 200 s at the point of the trapped air bubble in the microchannel. a) The
location of the OCT measurement (white dashed line). For visibility, the microchannel is estimated by the
black dashed lines. b) The corresponding cross-sectional OCT image shows the empty microchannel and the
areas, where the solvent is diffused.

Stress and strain simulation

To evaluate the cause for the onset of the dissolution process from the bottom corners a simple model was
applied to estimate stress and strain of the PMMA substrate due to hot-embossing process. The simulated
stamp profile was obtained from the surface profile measurements (Veeco/Wyko NT3300) of the hot-
embossing stamp. The simulated channel depth was the same as in the samples. Due to the simplified
conditions of hot-embossing simulation the absolute values are indicative. However, it is seen that the high



von Mises stress concentration points appear at the corners (Fig. 5a). As can be expected, the largest plastic
strains of the PMMA substrate are also located in the corners (Fig. 5b). Similar simulation of the stress and the
strain distributions have been presented [12-14,34,35]. The simulation supports the conclusion that there is
already a change in the morphology of PMMA substrate that originates from the roll-to-roll hot-embossing
process and becomes visible during solvent lamination process.
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Figure 5 Simulations of von Mises stress distribution during hot embossing process and effective plastic
strain after release of the mold.

Performance studies

The optical measurements shows that the channel walls contain porous structure that enabled leakage of fluids
outside the channel into the substrate. This has negative impact on diagnostic test result e.g. in the case of
immunoassay where detection antibodies labelled with dyes may leak into the cavities and cause unspesific
signal enhancement.

In order to demonstrate the influence, fluorescently labelled antibody was added to the channel. The solution
with goat anti-mouse IgG protein, labelled with AlexaFluor 488 fluorescence dye (41.4 UM Invitrogen), was
allowed to incubate within the channel for 5 minutes prior emptying the channel by suction. The channel was
cut half through with a surgical knife and finally snapped. The cross-cut was imaged with a fluorescence
microscope (Zeiss Axioskop Upright Fluorescence Microscope, Zeiss) using blue laser light for excitation. As
seen in the fluorescence intensity image of the channel’s cross-section (Fig. 6), the label has leaked to the
substrate and resulted a strong fluorescence signal outside the channel. The fluorescence signal is localized in
the areas were OCT observed the microvoids (Fig. 4).
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Figure 6 Fluorescence image of the empty channel’s cross-cut after the channel was incubated for 5 minutes
with the fluorescent solution. The high intensity locations at the bottom corners are result from the fluorescent
markers being absorbed into the PMMA substrate. The scale bar is 50 um.

Conclusion

In this work, OCT was successfully applied for fast and reliable characterization of solvent bonded
microfluidics fabricated with roll-to-roll hot-embossing on PMMA. The OCT measurements showed that after
the solvent lamination process the porous structures emerge beneath the microfluidic channel. The origin of
the porous PMMA structures are assumed to be a result of the ceased swelling-evaporation processes.
Furthermore, OCT was applied to measure solvent diffusion kinetics by tracking the sharp boundary of swollen
layer and unpermeated glassy core. At the locations of the deepest porous structures the diffusion rate was the
highest as well as, according to the simulations, the effective strain and von Mises stresses. The fluorescent
labels were demonstrated to leak into the porous substrate, which will cause unspecific signal enhancement on
the fluorescent signal detection and lead to a false reading. Characterization of a surface profile of a hot-
embossed microchannel is not enough to guarantee a quality of lidded microfluidics. The OCT is excellent
tool to monitor quality of complete microfluidic devices and improve the repeatability of the microfluidic
based bioassays. In addition, OCT can be applied to more fundamental studies of solvent diffusion kinetics in
polymers.
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