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A current problem in microfluidics is that poly(dimethylsiloxane) (PDMS), used to fabricate
many microfluidic devices, is not compatible with most organic solvents. Fluorinated compounds
are more chemically robust than PDMS but, historically, it has been nearly impossible to
construct valves out of them by multilayer soft lithography (MSL) due to the difficulty of bonding
layers made of “‘non-stick™ fluoropolymers necessary to create traditional microfluidic valves.
With our new three-dimensional (3D) valve design we can fabricate microfluidic devices from
fluorinated compounds in a single monolithic layer that is resistant to most organic solvents with

minimal swelling. This paper describes the design and development of 3D microfluidic valves by

molding of a perfluoropolyether, termed Sifel, onto printed wax molds. The fabrication of

Sifel-based microfluidic devices using this technique has great potential in chemical synthesis

and analysis.

1. Introduction

During the past decade soft polymers, such as poly(dimethyl-
siloxane) (PDMS), have emerged as the material of choice for
microfluidic devices and are rapidly emerging as ubiquitous
platforms for numerous applications." !’ PDMS offers the
advantages of being inexpensive and simple to fabricate using
rapid prototyping.>~ It exhibits elastomeric properties with a
surface energy of ~20 erg cm 2 and low Young’s modulus
value of ~ 750 kPa, thus allowing the material to conform and
easily seal to other surfaces, both reversibly and irreversibly.’

Despite the advantages of PDMS in microfluidic applica-
tions, one of the most prominent drawbacks with its use is its
incompatibility with many organic solvents including acyclic
and cyclic hydrocarbons (e.g. pentanes, hexanes, cyclohexane),
aromatic hydrocarbons (e.g. xylenes, toluene, benzene),
halogenated compounds (e.g. chloroform, trichloroethylene),
ethers (e.g. diethyl ether, dimethoxyethane, tetrahydrofuran),
and amines (e.g. diisopropylamine, dipropylamine, triethyl-
amine).” These solvents can cause swelling in the material,
leading to changes in the cross-sectional area of microchannels
and, therefore, changes in the rate of flow. Swelling can also
alter surface properties and cause the device to de-seal. As a
result, applications involving organic solvents require the use
of other device materials.
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Herein, we report a novel solvent-resistant microfluidic
device based on a perfluoropolyether (termed Sifel) and three-
dimensional (3D) microvalves from printed wax molds. Sifel
consists of a perfluoropolyether backbone (Fig. 1) which is
particularly stable due to the strength of the carbon-fluorine
bond and steric hindrance arising from the strong forces
between hydrogen and fluorine atoms. Sifel contains no
solvents, withstands temperatures up to 200 °C and is elastic
to —50 °C. Hardness after cure (Shore A) was measured at 34
by DMA for a range from —40 °C to 150 °C. Other physical
parameters of interest include low moisture permeability
(5 g m 2 over 24 h), volume resistivity (I x 10" Q cm),
viscosity (2.7 Pa s at 23 °C), conductivity (0.11 W m™ ' K1),
tensile strength (0.9 MPa) and elongation (110%). In addition,
Sifel is very pure, with ionic species (e.g. Na', K,
NH4",F~,CI7) below 1 ppm.

Similar studies have used photocurable perfluoropolyethers
to fabricate two-layer (flow and control) microfluidic
devices.'® The method of these studies involved joining two
partially cured perfluoropolymer layers together in a very
difficult and low yield fabrication step. However, the wax mold
design'® presented herein eliminates the intricacies involved
with adhering partially cured fluoropolyether layers by
eliminating the need for a bonding step altogether. By molding
a monolithic device from a single mold containing both
flow and control channels, this technique enables the use of
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Fig. 1 The perfluoropolyether backbone with terminal silicon cross
linking groups of Sifel.
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elastomers that do not satisfy the adhesion requirements of
multilayer fabrication required by the previous studies. After
curing by heat, Sifel becomes a high-performance elastomer
with extraordinary levels of resistance to chemicals, oil, and
heat;?® thus opening up a vast array of potential microfluidic
applications in areas otherwise limited.

In such three-dimensional fluidic chips, the smallest flow
pressure line that can be defined by the lateral and vertical
resolution of the wax printer described in this study is 115 um
wide by 12.5 pum high (although some difficult geometries
require more mold material strength and must be made larger).
These dimensions match well with geometries suitable for the
definition of useful microfluidic applications. It is well known
that in geometries much below 10 um the Reynold’s number is
very low and the differential fluid flow velocity in the center of
the channel versus at the channel wall can be significant.'®-!
These effects limit the usefulness of fluidic systems with
dimensions much below the channels and valves that we
describe here. Rapid prototyping of microfluidic devices with a
solid-object printer has also been reported by the Backhouse”!
and Whitesides?®> groups, but neither group demonstrated
devices with integrated microvalves without bonding, because
the printers employed were only capable of generating
essentially two-dimensional patterns.

2. Methods and materials

The wax molds were designed in three-dimensions using a
SolidWorks CAD software (SolidWorks Corporation, MA,
USA) and the file was printed directly onto a glass substrate by
means of a commercial wax printing system (Solidscape T66,
NH, USA). Printing was carried out with two waxes (Proquest
Solutions, Inc., CA, USA): the building wax (blue) which
formed the structure of the desired microchannels and the
supporting wax (red) which acted as a sacrificial material
and supported suspended structures during fabrication. The
supporting wax was removed by placing the molds in a petri
dish containing VS-O precision cleaner (Petroferm, Inc., FL,
USA) for approximately 1 h at 65 °C. Next, the wax molds
were dried at 40 °C for approximately 3 h. Once the molds
were dry, 25 gauge pins were heated and inserted into each
valve mold, with the wax melting enough to accept and seal to
the heated metal pin, and then resolidifying. To minimize the

amount of Sifel required to form the valve, PDMS
(Sylgard®184, Dow Corning, MI, USA) blocks were created
by pouring a liquid PDMS pre-polymer (mixture of 10 : 1 base
polymer : curing agent) onto a petri dish and allowing the
mixture to cure at 70 °C for 1 hour. Cylindrical holes were
punched through the PDMS with the blocks then placed
around each wax mold providing a cavity to contain the Sifel.
Next, Sifel (Shin-Etsu Silicones, Inc., SC, USA) was poured
over the models and allowed to cure at 60 °C for approxi-
mately 24 h. Finally the building wax was melted away at up to
150 °C to provide the completed structure (Fig. 2). The glass
mold substrate serves also as the device substrate, as Sifel
forms a permanent bond to it during curing.

The degree of swelling was measured by adopting the
method of Lee ef al.” Solid pieces of Sifel were placed in chosen
solvents for 24 h with subsequent measurements in dimension
(length) taken. The Sifel blocks (three replicates for each
solvent) were cut in the shape of rectangles (4 mm / X
2 mm w x 2 mm /) and immersed in each solvent for 24 h
at 25 °C. After 24 h, the pieces were measured while still
submersed with digital callipers (+0.02 mm accuracy, ZZW
Precision Tool Supply, China) with the mean value used for
calculation purposes. The degree of swelling was expressed by
the swelling ratio (S):

S=— 1
s M
where D is the length of the Sifel exposed to the solvent and Dy,
is the length of the dry Sifel.

3. Results and discussion

We report on the successful design and fabrication of 3D
microfluidic valves by molding of a novel perfluoropolyether
onto printed wax molds. The completed structure (Fig. 2¢)
featured a suspended fluid flow tube surrounded by a
doughnut shaped pressure chamber. In this design, pressure
was applied around the entire fluid channel, deflecting a thin
Sifel membrane inward. This deflection closed the suspended
channel and stopped fluid flow. Valve actuation was controlled
by varying the pressure applied to the control channel. As a
result, these valves could be used for microfluidic metering and
flow control.

Fig. 2 Scheme for fabricating devices in Sifel using a wax printer. (a) A Solidworks file is generated that defines the system in 3D. (b) The object is
then printed onto a glass substrate using a commercial wax printing system. (c) Once the object is printed, Sifel is poured over the mold and cured at
60 °C for 24 h. Once cured, the building wax is removed to reveal the completed structure.
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Table 1 Comparison of Sifel and PDMS swelling ratios in represen-
tative organic solvents

Solvent Swelling ratio Sifel” Swelling ratio PDMS?
Diisopropylamine 1.07 2.13
Hexane 1.03 1.35
Triethylamine 1.07 1.58
Trichloroethylene 1.05 1.34
Xylenes 1.02 1.41
Toluene 1.03 1.31
Chloroform 1.07 1.39
Tetrahydrofuran 1.08 1.38
Methylene chloride 1.04 1.22

@ Mean value reported (n = 3) * As reported by Lee er al.’

Introduction of fluid into this device was accomplished
through steel pins inserted into holes formed through the
material. These holes were formed by 25 gauge steel pins
previously melted into the wax mold. The pins were taken out
after the Sifel was cured and 21 gauge tubes then used to form
a tight seal around the input pins, readily accepting pressures
up to 21 psi without leakage. Above this pressure the seal was
likely to leak air, as tested by immersion in water and
inspection for bubbles escaping from the pressurized seal. This
hole-molding method solved one difficult problem with many
fluoropolymers—that they cannot be hole-punched without
cracking and leaks.

Four samples of polymer: Sifel 610, Sifel 611, Sifel X-71-
6030, and Sifel X-71-6054, were cured to milky white
elastomeric materials and tested for adhesion to glass surfaces.
Since fluid flow was pressure-driven, it was necessary to form
an irreversible seal between the glass substrate that the mold is
printed on and Sifel. Both Sifel X-71-6054 and Sifel X-71-6030
were less viscous than the other two materials but easily peeled
off from the glass. Both Sifel 610 and Sifel 611 adhered very
strongly to glass surfaces upon curing. However, Sifel 611 was
extremely viscous which made it difficult to completely de-gas
and remove all air bubbles. Sifel 610 adhered well to the glass
and was more fluid than the Sifel 611, which made it ideal for
pouring over the wax molds for fabrication of the microfluidic
devices.

Examination of swelling ratios of Sifel by nine representative
organic solvents was performed and compared to PDMS
values reported by Lee et al.’ (Table 1). Classification was
based upon their solubility effect on Sifel using the following
relationship:® low solubility = 1.00 < S < 1.10; moderate
solubility = 1.10 < § < 1.22; high solubility = 1.28 < .§ < 1.58;
extreme solubility = 1.58 < S < 2.13. As shown, low solubility
was observed for all organic solvents tested, in contrast with
the significantly higher values reported for PDMS.’

A study was performed to assess the Sifel valve closing
pressure (pressure in air chamber to deflect the valve for
closing) in relation to fluid flow rate through the valve. Here, a
fluid flow pressure of 2 psi was used as an example application.
The valve closed at 18 psi, 16 psi above the flow pressure. A
graph of fluid flow versus actuating pressure is shown in the
Electronic Supplementary Information sectiont. Each point
on the graph is a mean of three runs + 3¢ (error bars).

4. Concluding remarks

By replacing PDMS with Sifel, this novel wax printing method
allows for the fabrication of topologically complex 3D micro-
fluidic structures and offers many advantages over multilayer
soft lithography, including ease of fabrication, rapid response
time and high levels of integration. The major advantage of
developing devices from 3D molding is that it enables the use
of a myriad of elastomers, like Sifel, that are more solvent-
resistant than PDMS. As a result, the fabrication of more
complex structures can be achieved with the potential to
expand the field of highly integrated microfluidics to many
new applications in chemical synthesis and analysis.
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