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Abstract

Microfluidic systems for analytical, medical, and sensing
applications integrate optical or electrical readouts in low-
cost, low-volume consumption systems. Embedding chem-
ically functionalized templates with nanoscale topography
within these devices links the scale at which molecular rec-
ognition/self-organization occurs and the macroscopic lay-
out of fluid channels, mixing volumes, and detection regions.
Although the design of a platform that would meet the needs
of all microfluidic experiments is a difficult undertaking, this
paper provides a description of a flexure-based platform
that may address generic requirements such as low cost,
ease of manufacture, and repeatable alignment/sealing
performance. Experimental results are provided for master
replication in plastics by hot embossing and a microfluidic
platform that orients 125 micrometer channels embossed in
a poly(vinyl chloride) gasket to an array of high-speed ma-
chined channels.
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Introduction

The use of microfluidic systems in biological,
analytical, medical, and sensing applications is
continually growing. Applications include, for ex-
ample, DNA and protein analysis and studies of
synergistic/antagonistic interactions between mul-
tiple drug substances (high-throughput drug
screening, or HTS). To date, many research ef-
forts have focused on the ability to either produce
sub-micrometer-scal e features on substrates, such
as silicon, or replicate these substrate features in
polymers [e.g., 1-30]. However, less attention has
been given to the overall manufacturing perspec-
tive, including the required infrastructure for low
to high-volume production of microfluidic testing
components. This paper describes initial efforts
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in the development of a suite of manufacturing
procedures for the production and rapid replica-
tion of microfluidic testing hardware, including
the master substrate with desired features and the
experimental platform. Although it is a challeng-
ing task to design a platform that would meet the
needs of all microfluidic experiments, a descrip-
tion is presented here of a flexure-based platform
that may address generic requirements such aslow
cost, ease of manufacture, and repeatable align-
ment/sealing performance. These benefits could,
in turn, lead to improved laboratory efficiency,
decreased devel opment time, and more convenient
sharing of results between multiple laboratories.
The manufacturing methods described include: (1)
scanning probe lithography to produce sub-50
nanometer-scal e features on a standard-sized sili-
con master; (2) hot embossing for polymer repli-
cation of the nanometer-scale silicon master and/
or the production of larger-scale features (=100
pum) used to connect the macroscale fluid input
ports to the nanometer-scale patterns under test;
and (3) high-speed machining for the production
of the microfluidic experimental platform, aswell
as any hot embossing tooling required for larger-
scale features.

Manufacturing Methods

This section presents an overview of the produc-
tion methods applied in this research (note that this
list isnot comprehensive; other fabrication processes
are also available). Using these methods, it is pos-
sible to span severa orders of magnitude, for ex-



ample, nanometer to centimeter, in the characteristic
length of the manufactured feature or part.

Scanning ProbeLithography

In scanning probe lithography (SPL), an electri-
cal biasis applied between the silicon substrate and
an atomic forcemicroscope (AFM) cantilever tip[31-
32]. In the presence of water (as vapor in the air or
condensation on the silicon surface), an electro-
chemical cell isformed in which the AFM tip serves
as the cathode, the silicon substrate as the anode,
and the liquid column as a ‘dielectric bridge, as
shown in Figure 1. Anodic oxidation proceeds as
the silicon gives up electrons to become positively
charged and these electrons serve to reduce gaseous
oxygen in the presence of water to form oxyanions
(OH-). The combination of the silicon cations, gas-
eous oxygen, and water yields silicon dioxide and
hydrogen anions. By translating the AFM tip rela
tive to the silicon surface, nanometer-scale oxide
patterns can be formed on the surface of the sub-
strate. SPL therefore serves as a direct-writing and
resistless prototyping method for nanometer-scale
devices [33-34]. An example of features that can be
produced using SPL is shown in Figure 2 [31]. This
figure shows scanning electron microscope (SEM)
measurement results for oxide lines on asilicon wa-
fer. The lines are approximately 40 nm wide and
100 nm high with lengths of 3 pm, 5 um, and 10
pum. The pitch of the lines varies from 100 nm to
500 nm.

Hot Embossing

Although SPL isuseful for producing nanometer-
scale devices, it is aso a slow process. Therefore,
efficient replication of the features produced on the
silicon master in low-cost materials is necessary
when completing multiple test cycles in a short pe-
riod of time with one or more control variables in,
for example, chemical analysis. Traditionally, the
replication materials have been polymers (e.g.,
poly(dimethylsiloxane), or PDMS, and poly(methyl
methacrylate), or PMMA) because they are gener-
ally inexpensive, mechanically robust, and optically
transparent (to allow in-process viewing). Typical
replication methods include casting, injection mold-
ing, and hot embossing [35]. This work focuses on
hot embossing of poly(vinyl chloride), or PVC, and
PMMA. In thistechnique, the polymer isfirst heated
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Figure 1
Schematic of Scanning Probe Lithography (SPL) Nanocell
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Figure 2
SEM Image of SPL Oxide Lines on Silicon Substrate [31]

to its glass transition temperature, and then the de-
sired features are forced into the plastic and held for
a short time. Two experimental setups were used in
this research. First, a vacuum hotplate was used to
heat and hold PV C samples, while gravitational mass
loading was employed to force the silicon substrate
into the PV C. Second, a hydraulic press with atem-
perature-controlled base plate was used to force a
silicon substrate into aPMMA sheet.

High-Speed M achining

Significant advancements in high-speed machin-
ing (HSM) technology, including new spindle de-
signsfor higher rotational speed, torque, and power,
increased dlide speeds and accelerations, new ma-
chine designs for lower moving mass, and tool ma-
terial/coating developments, have made HSM aviable
alternativeto other manufacturing processesin many
applications. For example, HSM has been used ex-
tensively in the aerospace industry, where the dra-
matic increases in material removal rates have
allowed designers to replace assembly-intensive
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sheet metal build-ups with monolithic aluminum
components [36]. HSM has been applied in this re-
search due to its inherent flexibility; it can produce
features in a number of materials over the full size
range required for this research ({1100 pum to 10 cm,
or roughly 3 orders of magnitude).

Flexure-Based Platform Development

The fundamental requirements identified for the
microfluidic experimental platform included (1) the
ability to align fluid inputs and outputs to a (pat-
terned) gasket and silicon master or polymer repro-
duction; (2) optical transparency of the individual
components for in-process evaluation; and (3) mini-
mum manufacturing cost, time, and difficulty. Fig-
ure 3 showsthe concept for aprototype flexure-based
platform that positions the inlet/outlet flow tubes,
fixed with epoxy into holes drilled into the PMMA
cover, relative to the base using aparallel ogram | eaf -
type flexure arrangement. The flexure design was
selected to allow repeatable sealing performance of
the platform, as described in the next section. A pat-
terned 1 cm x 2 cm PVC gasket is captured in a
well-machined into the base. Although certainly not
novel to this research study, flow visualization in
the micrometer-scale channels was selected for ini-
tial testing of the platform performance. The 125 pm
wide by 50 pum deep channels were high-speed ma-
chined (using a 125 pm diameter endmill) in the
bottom of the well and no silicon master was used.
In the following paragraphs, details of the prototype
platform are described, including critical dimensions,
flexure design, surface roughness measurements for
machined surfaces, laminar flow characteristics, and
preliminary hot embossing results.

Flexures T /4’/—/ Top (PMMA)

Flow tubes £ Crasket (PVC)

-
T Base (PMMA)

\'T:i..'n:alrsell:hinr.'d_-
channels

Figure 3
Flexure-Based Prototype Platform Schematic. The platform top
is sealed against the gasket and channels through the nearly
linear motion afforded by the flexures. Flow can then proceed
through the flow tubes.
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Flexure Design

The paralelogram leaf-type flexure design was
selected to clamp the cover/gasket/base assembly due
to its ability to provide repeatable, nearly linear mo-
tion and its ease of manufacture. The flexure dimen-
sions are shown in Figure 4. A zero-slope condition
at the free end of the flexure was obtained by apply-
ing the actuation force at a distance of one-half the
flexure length from the fixed end. A depiction of the
flexure motion under actuation is shown in Figure
5. When no actuation force is applied to the flexure
top, the assembly is open and the gasket isnot sealed
against the silicon master. However, under the ac-
tuation force, the gasket is sealed against the master
and fluid flow can proceed. Once the force is re-
moved, the flexure top returns to its original (open)
position. Following the analysis of Smith [37], the
minimum leaf flexure length to avoid plastic defor-
mation, L, parasitic deflection, 8,, and actuation
force, F,, were calculated according to Egs. (1)-(3),
where E isthe PMMA modulus (3 x 10° Pa), Yisthe
yield strength (6.7 x 10" Pa), 3, is the required de-
flection (0.5 mm), t isthe leaf flexure thickness (0.4
mm), w is the total width of the two flexure arms
(4.0 mm), and L is the length (7.5 mm). The pre-
dicted 3, value was incorporated into the platform
design to minimize positioning errors between the
flow tubes and base.

=52mm Q)
2
__36y __
o, = B 0.02mm (2
wWt’Ed,
F, = E =1N (3)

Platform Surface Roughness M easur ements

Once the platform cover and base (also PMMA)
were machined, surface roughness measurements
were performed using a scanning white light inter-
ferometer (5X objective, 1.2 mm x 1 mm field of
view). Microscopic images of the 125 pm wide by
75 um deep channels and 800 um diameter by 200
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Figure 5
Schematic of Microfluidic Testing Platform Actuation

pm deep holes machined into the well located in the
base are shown in Figure 6. An example line-trace
roughness measurement for a channel bottom is
shown in Figure 7 (the average roughness for the
measured area was 0.31 pm).

Laminar Flow M easur ements

To verify the alignment, sealing, and flow perfor-
mance of the prototype platform, the flow charac-
teristicsin the milled channels were observed. Water
mixed with yellow (Y) and blue (B) dye was intro-
duced to the assembled platform via the flow tubes,
as shown schematically in Figure 8 (other flow pat-
terns were also evaluated). The 10X microscope
images included in this figure show laminar behav-
ior with very little boundary diffusional mixing over
the short length scales of 12 mm or less used in this
research (see the sharp corner at the top T-junction,
for example). The low Reynolds numbers, and sub-
sequent laminar flows, in typical microchannels can,
in fact, be problematic in situations where mixing is
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Figure 6
Microscope Images of Micromachined Channel and Hole. The
channel is 125 um wide; the hole has an 800 um diameter.
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Figure 7
Channel Roughness M easurement

required, such as the homogenization of reagentsin
chemical reactions [3]. An important area of future
researchfor SPL is, therefore, the fabrication of struc-
tured featuresthat lead to efficient mixing over short
distances. However, in this case, it was desired to
determineif the surface roughness introduced by the
micromachining process would be low enough to
allow laminar flow.
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Figure 8
Laminar Flow Visualization in Micromachined Channels

Hot Embossing Results

PvC

Replication of micrometer-scale featuresin 1 mm
thick PV C sheet by hot embossing from both silicon
masters and larger machined tooling was compl eted.
The flexible PV C sheet was selected due to its low
modulus and ability to form a seal between the
PMMA flexure cover and platform base. Macro pres-
sures of 7 x 10° Pato 14 x 10° Pa (localized pres-
sures under the actual features were much higher,
but unknown) were applied using a deadweight load
at temperatures from 90°C to 160°C during the hot
embossing. Microscope images (left) and AFM mea-
surements (right) for 10 um wide wellsin a silicon
master and corresponding anti-wells in PVC are
shown in Figure 9. It can be seen that the lateral di-
mensions were accurately reproduced in the PVC,
while the heights were not, that is, 1.10 um silicon
well depths versus 0.62 um PV C anti-well heights.
This is due to the viscoel astic behavior of the PVC.

Figure 10 shows microscope images and AFM
measurements for silicon posts reproduced using the
same hot embossing conditions. Again, it is seen that
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Figure 9
Hot Embossing Results for Silicon Wells Reproduced
in 1 mm Thick PVC Sheet

the heights were not reproduced with high fidelity,
that is, 1.08 um high silicon posts versus 0.74 pm
deep PVC anti-posts. Additionally, there was sub-
stantial relaxation of the PV C within the embossed
cavities so that the flat tops of the silicon posts were
not accurately replicated.

To test the feasibility of combining hot embossed
channels in PVC with high-speed machined chan-
nels in the platform base to achieve more compli-
cated, multilevel flow patterns, a high-speed
machined copper tool was used to emboss a PVC
gasket with the geometry shown in Figure 11. The
scanning white light interferometer measurements
in this figure show the tool (80 um high walls sepa-
rated laterally by 1 mm) and embossed PVC (13 um
deep channels); the PV C relaxation at thelarger scale
isclearly quite severe. Thispatterned gasket wasthen
sealed against the platform base and fluid flow was
introduced (again using syringes as demonstrated in
Figure 8) to the crossed pattern shown in Figure 12.
In the left two microscope images, yellow fluid flow
was coupled into both inputs and yellow fluid flow
was observed at both outputs. In the right two im-
ages, yellow was input to the left-hand port and blue
to the right-hand port. In this case, yellow flow was
seen at the left-hand output and blue-green flow was
observed from the right-hand outpuit.

PMMA

In many instances, particularly testing scenarios
with multiple input variables, it is desired to pro-
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Hot Embossing Results for Silicon Posts Reproduced in 1 mm
Thick PVC Sheet
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Figure 11
Measurement Results for Hot Embossing 1 mm Thick PVC Sheet
Using High-Speed Machined Copper Tool
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Figure 12
Flow Results for Hot Embossed Gasket/Micromachined Chan-
nels. Yellow and blue fluids were input using the scheme shown in
Figure 8.

duce a single master substrate and then replicate the
patterned surface in polymer many times to produce
the microfluidic test components. Therefore, hot
embossing was also carried out to transfer microme-
ter-scale features from a silicon master to 6.35 mm
thick PMMA sheet. Scanning whitelight interferom-
eter measurement results for the silicon master are
shown in Figure 13. The raised squares are each ap-
proximately 1.04 ym tall and 30 pm wide. A two-
dimensional cross section for onerow of the repeated
squares is shown in Figure 14. Embossing was car-
ried out at approximately 120°C with low pressure
(amplitude not recorded) applied for a few seconds
before removing the PMMA sheet. An example mea-
surement for the replicated featuresis shown in Fig-
ure 15. A two-dimensional cross section for one row
of the repeated squaresis shown in Figure 16. Good
fidelity is observed for both the lateral spacing and
feature depths. The improved replication accuracy
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Two-Dimensional Cross Section for Silicon Master

of the PMMA over the PVC is aresult of the lower
viscoelastic recovery of the PMMA after removing
the embossing pressure.

Summary

This paper described initial efforts toward the de-
velopment of a suite of manufacturing methods for
the production and rapid replication of a flexure-
based microfluidic testing platform, designed to of-
fer low cost, ease of manufacture, and repeatable
alignment/sealing performance. Although consider-
ations must be made for specific requirementsin dif-
ferent test setups, it is our hope that the flexure
concept can be included as a general architecture
for microfluidic testing platforms. The prototype plat-
form behavior was evaluated by observing the flow
characteristicsin high-speed machined 125 pm wide
channels. Flow through a combination of embossed
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Two-Dimensional Cross Section for Hot Embossed Acrylic Sheet

channelsin a PV C gasket and machined channelsin
the platform base was also exhibited.
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