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Multiple methods of fabrication exist for microfluidic devices, with different advantages depending on
the end goal of industrial mass production or rapid prototyping for the research laboratory.
Polydimethylsiloxane (PDMS) has been the mainstay for rapid prototyping in the academic
microfluidics community, because of its low cost, robustness and straightforward fabrication, which are
particularly advantageous in the exploratory stages of research. However, despite its many advantages
and its broad use in academic laboratories, its low elastic modulus becomes a significant issue for high
pressure operation as it leads to a large alteration of channel geometry. Among other consequences,
such deformation makes it difficult to accurately predict the flow rates in complex microfluidic
networks, change flow speed quickly for applications in stop-flow lithography, or to have predictable
inertial focusing positions for cytometry applications where an accurate alignment of the optical system
is critical. Recently, other polymers have been identified as complementary to PDMS, with similar
fabrication procedures being characteristic of rapid prototyping but with higher rigidity and better
resistance to solvents; Thermoset Polyester (TPE), Polyurethane Methacrylate (PUMA) and Norland
Adhesive 81 (NOASI). In this review, we assess these different polymer alternatives to PDMS for rapid
prototyping, especially in view of high pressure injections with the specific example of inertial flow
conditions. These materials are compared to PDMS, for which magnitudes of deformation and
dynamic characteristics are also characterized. We provide a complete and systematic analysis of these
materials with side-by-side experiments conducted in our lab that also evaluate other properties, such
as biocompatibility, solvent compatibility, and ease of fabrication. We emphasize that these polymer
alternatives, TPE, PUMA and NOA, have some considerable strengths for rapid prototyping when
bond strength, predictable operation at high pressure, or transitioning to commercialization are
considered important for the application.

the transfer of efficient designs from the research laboratory level
to high-volume production without significant redesigns —
requiring materials with similar physical and chemical
properties.

1. Introduction

Various methods of fabrication exist for microfluidic devices,!3
depending on the end goal of industrial mass production or rapid
prototyping at the research laboratory level. Each application
area has different constraints such that there is still a gap between
academic and industrial practices.* Rapid prototyping methods
suitable for research laboratories possess characteristics
including (i) a short fabrication time and (ii) a low-cost for

Glass and silicon micro-machining

Highly developed to fabricate microelectromechanical systems,

a complete cycle, from the design of the geometry, to its fabri-
cation, packaging and testing (Fig. 1). Indeed, the rapid proto-
typing of microfluidic systems is used in the exploratory stages of
the development of microdevices, when new ideas have to be
quickly tested. Rapid prototyping should also ideally facilitate
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glass and silicon micro-machining is commonly used for micro-
fluidic devices due to its fidelity in achieving small feature reso-
lution, surface stability and solvent compatibility.>” Especially,
glass is a material of choice in microfluidics due to its beneficial
optical properties, and the strength of anodic bonding which
allows an excellent resistance to high pressures.®* However, use
for rapid prototyping is strongly limited due to the need for clean
room equipment and facilities and the high cost involved in
processing and the material itself. Additionally, glass micro-
machining processes are technically demanding and time
consuming.
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Polymer molding and machining

Polymers, such as Polystyrene (PS),>'® Polycarbonate (PC),'*-*3
Polyvinyl chloride (PVC),"* Cyclic Olefin Copolymer (COC)'***
and especially Poly(methyl methacrylate) (PMMA),'*'7 offer an
attractive alternative to glass and silicon for rapid prototyping,
as they are cheaper, robust, and generally have faster fabrication
processes. Fabrication is usually based on three families of
techniques: injection molding/hot embossing, polymer micro-
machining/laser ablation, and polymer casting.*'?

(i) Polymer thermoforming. Injection molding, commonly
used for many plastic products, involves the high pressure
injection of melted thermoplastic pellets into a heated mold.

Even though experimental parameters must be optimized for
each production run, injection molding offers a high-throughput
fabrication option. However, because of the complexity and high
initial cost of the molding equipment and masters, injection
molding is rarely used for rapid prototyping.'®? Alternatively,
hot embossing is a fabrication method which consists of pressing
a heated silicon or metal mold against a thermoplastic sheet, such
as PMMA or COC* to form device features. Embossing is fast
and less expensive than injection molding, but still requires
dedicated press equipment, a robust mold, and suffers from
a lack of convenient methods for strong bonding.!* However,
recent studies demonstrated an enhanced thermoforming
method for microstructures with simplified equipment,* or
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Fig. 1 Overview of microfluidic fabrication processes that can be used for prototyping.

demonstrated an improvement in the complete fabrication
process, for a similar cost and time expenditure as PDMS,® by
using inexpensive solid epoxy molds and optimization of thermal
bonding. It remains to be seen whether these approaches will be
more widely adopted by the microfluidics community.

(ii) Polymer ablation. Material from a polymer block can
also be removed to form microstructures using direct write
processes such as conventional mechanical drilling'*'s and
sawing, laser machining,'® powder blasting, and dry film lami-
nating.?* In particular, laser ablation is also an advantageous
alternative for prototyping, being cost-accessible and enabling
complex 3D-multilayer structures.'>* For this method, a high-
powered pulsed laser is used to remove material from a sheet of
thermoplastic, like PMMA, PC, PVC and others, either through
a mask or directly on the substrate.!* The primary disadvantage
of all these direct methods is their limited throughput, due to the
inherent serial nature. These techniques also generate surface
roughness on microchannels, reducing their overall optical effi-
ciency, as well as debris that have to be removed from the device.
Additionally, channels are usually larger than 50 pm and
enclosed by laminated films with a weak bonding, which cannot
withstand pressures above 30 PSI. Recent work specifically
focused on reducing the roughness of channel sidewalls,"” for
example with femtosecond laser processing on PMMA .1

(iii) Polymer casting. Finally, polymer casting (also known as
replica molding or soft lithography) is widely used for proto-
typing due to its precise replication, but without the need of
expensive equipment, or advanced skills in microfabrication.?*
Specifically, polydimethylsiloxane (PDMS) has become
a successful polymeric substrate material for rapid prototyping
due to its low cost, simple fabrication, optical transparency, gas
permeability, chemical inertness, adhesion to multiple substrates,
non-toxicity, and ability to form multi level fluidic devices.?>¢

PDMS drawbacks and alternatives

Despite the convenience of PDMS for rapid prototyping and its
broad use in academic laboratories, PDMS has severe drawbacks
which strongly limit the range of microfluidic applications. (i)
PDMS has poor chemical compatibility with many organic
solvents as it tends to swell upon contact, making it mainly

suitable for aqueous applications. (i) Modification of PDMS
surfaces is unstable over time. (iii) PDMS adsorbs small mole-
cules into its matrix, (iv) PDMS deformation under pressure is
used for pneumatic valves and helps in mold replication, but can
become a significant issue for high pressure operation as it leads
to a large alteration of channel geometry. As an example, inertial
focusing of cells requires a finite Reynolds number Re (Re =
pU,,Dylu, with p, U,,, u being the density, maximum velocity,
dynamic viscosity of the fluid, D the hydraulic diameter of the
channel, defined as Dy = 2WH/(W + H)) and associated high
flow rates, with pressure-induced channel deformation as
a consequence. First, such deformation can affect fluidic resis-
tance and increases the capacitive time constant for steady flow,
making it difficult to accurately predict the flow rates in complex
microfluidic networks. Second, precise knowledge of focusing
positions for cytometry applications is critical in aligning the
optical system. A shift in these positions, caused by channel
deformation, may also distort the optical alignment. Third,
channel walls fabricated in deformable material may also oscil-
late under pressure, creating lensing effects and variable focal
length in the detection system. More generally, prototypes that
function according to specifications in the laboratory environ-
ment may end up functioning abnormally when designs are
transferred to rigid thermoplastics used for commercialization.
To reduce channel deformation, Inglis proposed to sandwich
the PDMS channel between two glass slides, so that channel
walls are completely-constrained and deformation is reported to
be three times lower than for standard PDMS chips.?” Such
Glass-PDMS-Glass assembly is efficient but restricted to some
applications. In parallel, Chiu et al. among others have worked
to identify polymers complementary to PDMS, with similar
fabrication procedures being characteristic of rapid prototyping
but with higher rigidity and better resistance to solvents.?*7¢
Fiorini et al. firstly explored Thermoset Polyester (TPE) as
a complementary substrate material to PDMS.?*-3° Then, Poly-
urethane Methacrylate (PUMA) was proposed by Kuo et al. as
a promising material especially for microdevices in clinical situ-
ations.* Commercial optical adhesives, such as Norland
Adhesive 81 (NOAS8I1), have been used later by Bartolo and
others and propose similar advantages.***¢ TPE, PUMA and
NOA differ from PDMS in that the substrates are semi-cured
first using UV light, removed from the master, and then allowed
to completely cure against a cover to obtain the final bonded
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channel. These non-elastomeric polymers are hard materials
once cured.

This review systematically assesses these different polymer
alternatives to PDMS for replica molding-based rapid proto-
typing, especially in view of high pressure injections with the
specific example of inertial flow conditions. Often individual
reports on alternative materials do not compare performance to
other competing material replacements to PDMS. In this review
we directly address this issue and compare these materials head-
to-head in evaluating a variety of properties including: ease of
fabrication, deformation under flow, capacitive flow stabilization
time, channel bond strength, inertial focusing performance,
biocompatibility, optical properties, and solvent compatibility.
We emphasize here that these polymer alternatives, TPE, PUMA
and NOA, have some considerable strengths for rapid proto-
typing when bond strength, predictable operation at high pres-
sure, or transitioning to commercialization are considered
important for the application, and hope this work provides
a useful guide for use by the microfluidic community.

2. Microfluidic devices and ease of fabrication
Ease-of-use

A microfluidic prototyping material for a research laboratory
environment should be easy to use. This includes having a short
time to produce a chip, low technical difficulty, high repeat-
ability, and high success rate. The success of PDMS as a proto-
typing material in the microfluidics community is due to it
satisfying these criteria. Here we discuss these parameters for
a range of prototyping materials beyond PDMS.

The time required for PDMS device production as indicated in
Fig. 2 isroughly 3h (1 h + 2 h of curing) once the silicon master is
fabricated. Bonding for sealing of channels can be established
between PDMS and PDMS, or other materials like glass or
silicon. However, for many labs, PDMS bonding has variable
success, depending on humidity and temperature, plasma
equipment and power, ratio of crosslinking agent/polymer, and
also last but not least, operator skill.?® For example, for
10 PDMS chips, our success rate for chip sealing varies from 50
to 100% depending on the operator.

Fabrication using TPE, as described in Fig. 2, is also easy and
quick (1 h) once the mold is generated, but a final curing step at
room temperature requires 1 day. Contrary to PDMS, sealing of
TPE to glass slides is highly reproducible, with high yield inde-
pendent on the operator skill or environmental conditions.?® As
an indication, our success rate for chip fabrication and sealing
was 90%. On 10 TPE chips, we obtained 9 homogenous and
strong bonds, the failed bond being due to operator error and
presence of air bubbles in the TPE mix. Moreover, TPE chips
were also successfully sealed to other substrates like dielectric
and metallic mirrors while PDMS does not form a permanent
bond to these substrates. A drawback of TPE fabrication is the
necessity of precisely weighing and mixing several components
under a fume hood, due to the noxious fumes from the resin.

On the contrary, PUMA does not require handling under
special ventilation. No mixing of components is required as the
resin is directly poured on the mold and crosslinked under UV
light. The fabrication is simple and a chip can be fabricated in

a similar time as PDMS chips - 3 h (1 h + 2 h of cooling). The
success rate for bonding is around 90% (for 10 chips and 3
devices/chip), with the failure mode being that the channels
closer to the chip edges may not be well-sealed. Using a home-
made suction system reduces bending of the polymer during
demolding and improves homogeneity in bonding.**

Similarly to PUMA, prototyping with NOA does not require
special manipulation precautions or mixing of components as the
resin is directly poured into the mold. Bartolo ez al.** present
a method in which a thin NOA chip is sandwiched between two
glass slides. The addition of this second glass slide, used to handle
the thin NOA layer without bending, requires a drilling step,
which complicates the fabrication process. A thicker NOA chip
can be easily manipulated without this second glass slide.
However, the fabrication of thicker devices is made challenging
by the fast crosslinking time of the resin (only 1 or 2 s with our
UV lamp) and thus requires fine tuning of the exposure dose to
match with the thickness of the chip. Indeed, NOA in the center
of a thick chip must be cured for correct demolding but
a superficial uncured layer should still be present to allow
subsequent sealing to a cover. We obtained 80% (for 10 chips and
3 devices/chip) as a success rate for chip fabrication and sealing,
the main issue being the presence of residual uncured resin inside
the channels leading to non uniform thickness.

Dimensions

The fidelity of the replication process for PDMS, TPE, PUMA
and NOA was excellent for our devices and we confirmed the
ability of these polymers to replicate a wide range of features for
microfluidic systems. PDMS has already been cast against
a suitable mold with sub-micron fidelity.?****” Fiorini et al. have
demonstrated the ability of TPE to replicate a wide range of
feature sizes and designs* whereas Kuo et al. reported a repli-
cation fidelity down to 2 um.?? Finally, Bartolo et al. validated
the fabrication of NOA stickers with sub-micron size features.**

3. Channel deformation and robustness under high
pressure

Mechanical properties of materials

To illustrate the deformability inside a microfluidic channel at
high pressure and help in our material selection, tensile tests were
carried out (Fig. 3). As a reference, Young’s modulus is respec-
tively 130 GPa for Silicon, 63 GPa for Pyrex Glass, 3 GPa for
PMMA, and 2 GPa for PC*® (Fig. 3.B).

TPE, NOA, PUMA, and PDMS cover a three order of
magnitude range of stiffness from ~ 1-1000 MPa (Fig. 3.A).
PDMS can also have tunable stiffness by the addition of more or
less cross-linking agent. As expected, the Young’s modulus
increases as the ratio of mixing is decreased (Fig. 3.C). In this
way, the tensile modulus of PDMS can be varied from 0.8 to 2.5
MPa, for ratios between 1 : 20 and 1 : 5. A modulus of 2.5 MPa is
reached for 1:10 ratio, which is the ratio generally recom-
mended, and remains saturated around this value even if we
double the amount of cross-linker from 1:10 to 1:5 (respec-
tively 2.5 and 2.3 MPa). These results are consistant with the
range of 0.5 to 4 MPa generally obtained and highly depending
upon curing time and temperature.?*?%3° For a ratio of 1 : 2, the
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Fig. 2 Protocols for fabrication of PDMS, PUMA, TPE and NOA chips. Our primary test device was a straight and rectangular channel (5 cm long,
60 um wide, 52 pm deep). A restriction (1000 um long, 30 um large) was added 4 cm downstream the inlet in order to validate the replication fidelity for
more complex structures. (i) PDMS microfluidic devices were fabricated using standard replica molding processes,?® with a cross linker to polymer ratio
of 1:10, and maintaining 2 h as the curing time for repeatable mechanical measurements. As PUMA, NOA and TPE adhere to SU8 and make
demolding impossible, a PDMS master mold with the same polarity as the silicon master was produced as indicated by Kuo ez al.,*' using octade-
cyltricholosilane (Sigma-Aldrich, 0.2% v/v in pure ethanol) to passivate the surface. (ii) The PUMA chips were prepared as previously described by
Kuo et al.,** especially using 1 min of UV exposure for PUMA channels, 5 min for the PUMA-coated glass slide, and additional 5 mins to complete the

bonding after the conformal sealing. (iii) TPE devices were fabricated following the protocol published by Fiorini et al.,

2830 with UV exposure for 70 s in

our conditions (A = 364 nm, 400 W, Dymax Model 2000 Flood). (iv) NOA chips were made using a protocol adapted from Bartolo et al.3* and Wagli
et al.,*® especially using 2 s of UV exposure for NOA channels, 3 s for the NOA-coated glass slide, and an additional 3 s to complete the bonding after the

conformal sealing.

cured polymer is still sticky having some difficulties to crosslink
(E = 1.1 MPa). These data confirm that changing the cross-
linking ratio for PDMS is not a reliable solution towards more
rigid polymer prototyping materials.

As discussed by Inglis,?” recipes for harder PDMS have been
recently developed as alternatives to classical Sylgard 184
PDMS. For example, the h-PDMS by IBM Zurich has been
reported to be 4.5 times stiffer than standard PDMS***! but
Inglis reported difficulty in release of these polymers from the
molds.?” Here we tested another PDMS, also from Dow Corning
with an expected higher stiffness (biomedical grade PDMS,
Silastic 7-4860). Unfortunately, this Silastic PDMS is very
viscous, which greatly complicates its processing, and above all
still was measured to have a tensile elastic modulus similar to
1: 10 PDMS (2.4 versus 2.5 MPa) (Fig. 3.A).

The other prototyping polymers investigated are much stiffer
than PDMS. The Young’s modulus measured for TPE is
~1.2 GPa, similar to thermoplastics like PC (2 GPa) and three
orders of magnitude higher than 1 : 10 PDMS. This is important

since design performance for TPE chips should be replicated
when later transferring to mass producible thermoplastics,
reducing the need to re-optimize designs late in the commer-
cialization process. When cured as indicated in our process flow,
NOASI exhibits a tensile modulus of 325 MPa, which is lower
than the 1 GPa reported by Bartolo er al.3* but still two orders of
magnitude higher than PDMS. As explained previously, such
a difference is likely due to the reduced curing time that was
required for successful device assembly and sealing. Finally, the
tensile modulus measured for PUMA is 91 MPa, which is lower
than TPE and NOASI1. Notably, PUMA was observed to have
different properties in its stress-strain curve than TPE and
NOABSI, with a short elastic behavior, for extension only from
0 to 2 mm, followed by a large plastic behavior, where PUMA
pieces undergo irreversible extension up to 60 mm.

Deformation under flow

The low tensile modulus of PDMS offers several advantages for
microfluidic applications as (i) it helps in demolding without
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Fig. 3 Mechanical material properties for polymers used for chip fast-
prototyping. Tensile elastic modulus (Young’s Modulus, in MPa) was
measured with an Instron instrument and is reported for a variety of
materials. Raw data (Load as a function of extension) were converted
into Strain and Stress and the slope for low strain was used to calculate
the tensile elastic modulus (E). Identical rectangular specimens (2 X 26 X
78 mm) were measured on an Instron tensile tester (model 5564, 1 kN
load, 10 mm/min). Three samples were characterized for each polymer.
(A) Comparison of TPE, NOA, PUMA, 1 : 10 PDMS and stiff PDMS
(Silastic). (B) The Young’s moduli for Silicon, Pyrex Glass, PMMA and
PC given by Laurell et al3® are shown for comparison. (C) Young’s
modulus as a function of mixing ratio between PDMS polymer base and
crosslinking agent.

damage to features and (ii) can be used for specific microfluidic
functions such as pressure-actuated valves demonstrated by
Quake et al** However, this unique property has also been
shown to generate deformation of features and channels even
under low pressure, potentially modifying device performance.

Inlet

Only a few investigators have experimentally evaluated and
discussed the extent of such deformation. Inglis directly used
a bright-field microscope to assess the reversible deformation of
a pillar-array at various pressures.?” Gervais ef al. used confocal
microscopy for quantitative visualization of cross section
expansion.** However, fluorescence microscopy consitutes
a cheap and simple alternative for measuring channel deforma-
tion** which we employ in our comparisons (SI Figure 17).

Microchannel deformation under continuous flow decreases
substantially for more rigid prototyping polymers when
compared to 1 : 10 PDMS (Fig. 4). (1) The largest deformations
were obtained for PDMS-PDMS chips, where cross-sectional
area expanded in both the X and Y directions (15.7% and 28.7%)
at 300 puL/min. (2) For PDMS-Glass chips, the extent of the
deformation in the depth is similar (AH = 20.5% versus 28.7)
however, the deformation in width is reduced by 56% (AW =
8.8% versus 15.7%). The glass slide sealed to the channel is rigid
(E = 63 GPa for Pyrex, Fig. 3.B), imposing a zero-displacement
boundary condition along the PDMS-Glass interface.?” Conse-
quently, the channel roof can still move vertically but the bottom
is constrained in all directions, reducing the lateral expansion of
channel walls. (3) For all PDMS chips, we noticed a significant
variation in deformation measurements (larger standard devia-
tion error bars in Fig. 4) which may be due to slight differences in
curing time and chip thickness, which are parameters that often
vary for prototyping done in research labs. (4) As expected,
assuming channels to deform according to their tensile modulus
(Fig. 3), PUMA, NOA and TPE all exhibit less channel defor-
mation than PDMS. PUMA channels linearly deform up to
AW = 6.3% and AH = 7.9% at 400 pL/min. Deformation in
channel depth for NOA is 66% lower than PDMS (AH = 7%)

(A)
Cross-Section
1cm , Outlet
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W=60 ym, H=52 pm

w
o
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Fig. 4 Microchannel deformation as a function of flow rate for each polymer. (A) Schematic of the microchannel design. A straight channel
(We =60 pum, H=>52um, L =5 cm) is implemented with a restriction (W = 30 um, L = 1000 um) located 4 cm downstream the inlet. Deformations are
measured just before the restriction. (B, C) Deformations of channel width (B) and depth (C) versus flow rate. Images of fluorescein injections were
recorded using a Photometrics CoolSNAP HQ2 CCD camera, a Nikon Eclipse Ti microscope, and Nikon NIS-Elements AR 3.0 software. Based on
these images, the intensity profile of a given channel cross-section was plotted as a quantitative representation of cross-section shape and extension for
each flow rate*® (details of this measurement are presented in SI Figure 11). The intensity measured at 10 pL/min was taken as a baseline because it was
assumed that the channel cross section was not deformed under such a low flow rate. Relative changes in depth (A H) and width (A W) were defined as the
normalized expansions in the X and Y axis respectively, compared to the 10 pL/min baseline, yielding the following equations; AW = Wy »(Q) Wy
2(10pL/min) and AH = H(Q)/H(10pL/min). Three measurements are done for each material - PDMS on PDMS (<), PDMS on Glass (m), PUMA (A),
NOA (x) and TPE (@) - and each flow rate, varying from 10 to 400 pL/min.
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and up to 76% smaller in width (AW = 2.1%). For TPE channels,
measured expansions are almost zero (AW and AH less than 1%)
even at 400 pL/min, with a reproducibility shown to be high.
These results confirm TPE as the most rigid material and a good
analogue to thermoplastics or glass, with lateral and longitudinal
deformations considered negligible compared to PDMS
channels.

Thus, even at low flow rates, the deformation of PDMS
channels is significant in both X and Y directions, leading to
channel cross-sections higher and wider than expected. Such
channel expansion can greatly alter the flow in these channels or
flow splitting in networks of channels. PUMA, NOA and espe-
cially TPE chips exhibit less deformation than PDMS which
could bring some differences in flow and dynamic behavior as
well as more predictable fluidic resistance values.

Dynamic behavior and pressure drop

An important demonstration of the effects of channel deforma-
tion on flow behavior is seen in observing the relationship
between the flow rate and the total pressure drop. For steady
state Stokes flow in rigid channels the pressure drop across the
channel (AP) is known to be linearly related to the flow rate (Q)
with the constant of proportionality being the fluidic resistance
(Rpryar)- This leads to predictable analyses of microfluidic
networks. Nonlinear relationships between pressure and flow
rate lead to a loss of ability to engineer these networks effectively.
Fig. 5.A illustrates the AP vs. Q relationship obtained for our
tested devices.

(i) For all flow rates, the pressure measured in more deform-
able channels is less than the pressure in rigid TPE channels,
indicating that the pressure required to drive the flow in
deformable channels may be often over-estimated by calcula-
tions in nondeforming channels. For example, at 300 pL/min, the
total pressure drop through the PDMS-PDMS, PDMS-Glass
and PUMA channels was 67.6%, 51.7% and 31.8% less than
through the rigid TPE channels. (ii) Inversely, for a given pres-
sure, the flow rates are much higher than predicted in more
deformable channels. For example, the flow rate expected in our
rigid channel under a pressure of 60 PSI is 140 uL/min while it is
measured to be 262 pL/min in the deforming PDMS-Glass
channel, corresponding to a 187% increase in flow rate. Such
a large difference is significant and has to be taken into account
for device design during prototyping. (iii) Further, to complicate
predictions of these differences, the pressure drop measured for
PDMS channels depends nonlinearly with the flow rate.** These
three effects of PDMS channel deformation impose a severe
constraint on their design and use.

These results can be further explained by the analogy of any
microfluidic network with an equivalent RC electric circuit (SI
Figure 1.Et), the Hagen-Poiseuille law for a rigid channel (AP =
Rypy4r-0) being analogous to Ohm’s law (AV = Rpge,. 1), and the
hydraulic compliance Cp,,- analogous to electric capacitance
Crree-* (1) The high rigidity of TPE prevents channel distortion;
compliance is negligible and the fluidic resistance is independent
of pressure. Thus the line AP = RQ is close to the experimental
pressure measured for the TPE device (@), with R being the
fluidic resistance calculated using the initial channel dimensions
(Fig. 5.A). (ii) Because of the high compliance of PDMS, the

pressure distribution under an imposed flow rate deforms the
channel shape (R = f(P)) considerably. Such deformation also
varies down the channel length, because of the pressure gradient,
and will modify the fluid velocity and the pressure distribution in
return. Thus, the coupling between fluid flow and PDMS channel
geometry is complex,** and makes it challenging to develop
a simple and universal model.**** To obtain a rough fit of pres-
sure drops expected for PDMS channels, one can consider the
model proposed by Gervais et al®** The channel walls are
modelled as a semi-infinite medium and only the top wall is
assumed to exhibit significant displacement, resulting in a steady
state flow rate proportional to pressure to the fourth power (eqn
(1)) and introducing nonlinearity into the pressure flow
relationship.

T e ( 1+ P - PO 1)

(Equation 1)

In Fig. 5.A, we plotted this fit calculated for the tested
microchannel (bottom fit with the main channel width, top fit
with the restriction width) using the empirical value of & = 0.48.43
These fits agree with experimental results in general shape and
magnitude, with differences in pressure drops being mainly due
to a lower aspect ratio channel geometry (W= H) and an addi-
tional non-negligible pressure drop accross the outlet tubing.

160 70
——PDMS PDMS (A) -=-PoMSGhss  (B)
—=—PDMS Glass ——PUMA

140 PUMA m 60 ¢NOA

5 -:—#pgé --TPE
= 8P=RQ o
o ——Linear Fit 3 g %0
o 100 | = PDMSFit : %
< A4 24
a L g
o 80 e =
8 F 230
E = 8
H e z
8 - - 820
o 40 + T = w

1”2l =
20 ek 1 —
0 - + : 1 1]
0 100 200 300 0 10 20 30

Flow rate (uL/min) Inlet Pressure (PSI)

Fig. 5 Elasticity differences affect the pressure vs. flow characteristics
and settling time. (A) The pressure drop measured at the inlet is plotted
versus flow rate for PDMS on PDMS (<), PDMS on Glass (m), PUMA
(A), NOA (x) and TPE (@) chips. Steady state pressure measurements
were recorded using a pressure transducer (Honeywell ASCX150AN)
placed in parallel with the chip inlet. The pressure signal was recorded by
a Labview® virtual instrument at a sampling rate of 100 Hz. Pressure
measured for TPE chips is close to linear theory (solid blue lines) for
pressure drop through a rigid channel, where pressure is linearly
proportional to flow rate and fluidic resistance calculated based on initial
channel dimensions (H = 52 um, W= 60 um, Lc =5 cm, Wgr = 30 um,
Lz = 1000 pm). Pressure measured for deformable PDMS-Glass chips is
compared to a theoretical model (dotted black lines)**** setting a 3 mm
top wall thickness (eqn (1)) and E = 2.5 MPa. (B) Stabilization or settling
time as a function of inlet pressure, for PDMS on Glass (m), PUMA (A),
NOA (x) and TPE (@) channels. We measured the time required for
4.8 um beads to stop their downstream motion after the pressure applied
was changed from AP to 0 PSI. For high-precision measurements,
sequences were recorded using a Phantom v7.3 highspeed camera (Vision
Research Inc.) and Phantom Camera Control software. For both figures,
three measurements were conducted for each material. Error bars
represent standard deviation.
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Dynamic behavior and stabilization time

In addition to steady state analysis, the tested materials varied in
the transient behavior resulting from time-dependent flow
changes. Flow stabilization time may be a practical limitation for
some applications where a rapid dynamic response is essential,
for example with stop-flow lithography*® or with switching fluids
for measuring fast kinetics.***” Using a pressure control system -
to reduce transients and long equilibration times - and rigid
materials for all connecting parts and tubing, we evaluated
transients solely due to material properties of the channels.

Given that the compliance of TPE, PUMA and NOA are
negligible compared to PDMS due to their higher elastic moduli,
the flow response time was expected and confirmed to be faster.
Indeed, time delays in flow stabilization greatly increase for
elastomeric microfluidic devices as elastomers capacitively store
pressure applied to the system. As emphasized in Fig. 5.B, the
stabilization time for PDMS varied from 60 s at S PSIto 7 s at 25
PSI, while the stabilization time for more rigid TPE, PUMA and
NOA was consistently around 5-7 s for all tested pressures. Thus
the relaxation time was up to 1200% higher in the PDMS than in
TPE. These results are similar to those obtained by Bartolo
et al.** and represent another concrete advantage of rigid poly-
mers over PDMS.

Maximum pressure

High Reynolds number and associated high flow rates are
required for many microfluidic phenomena, like inertial particle
focusing and fast mixing to observe protein binding kinetics,
among others. Additionally, nanofluidic systems have extremely
high fluidic resistances. The challenge for such flows in micro-
channels and nanochannels is the significant pressure drop
needed to drive the flow. For these reasons, the capability of
a microfluidic device to withstand high pressure is a limiting
factor for many systems and has to be quantitatively character-
ized towards the choice of the optimal substrate. Especially, as
pressure drop has been previously shown to be much higher in
rigid channels than in deformable ones for the same flow rate, the
most rigid channels may be not the best-adapted to high pres-
sures. Tests were conducted for each polymer to evaluate the
pressure limit for the same microchannels, and maximum pres-
sures obtained before failure are summarized in Table 1.
PDMS chips that we tested leak by delamination from the
glass substrate at around 30-70 PSI. These data are consistent
with the range of 30-50 PSI previously observed®-¢ and illus-
trate that PDMS may not be the best approach for high-pressure
injections. PDMS connections, usually accomplished by
compression fitting of tubing, are simple and reversible but leak
at around 20 PSI. The addition of glues reinforces the connection
however, delamination will still occur at slightly higher pressures.
TPE chips are much more robust to high pressure. No leakage of
the dye solution was detected outside of the channels up to 150
PSI, which corresponds to the upper limit of our pressure sensor,
and illustrates the excellent quality of the TPE-Glass bond. These
results are in good agreement with the value of 145 PSI (1 MPa)
obtained previously.” PUMA sealing was measured to be at least
2 times stronger than PDMS, with maximum pressures superior
to 100 PSI. These results are better than expected (40 PSI*?) and

Table 1 Measurements of maximum pressure (P,,,,) before failure for
each polymer substrate and mechanism of failure. To evaluate P, of
each device, colored water was flowed through the devices with increasing
flow rate while measuring the corresponding pressure until chip leakage
was directly observed

Chip P, (PST) Failure Mode
PDMS on Glass #1 51 Delamination

#2 67 Delamination

#3 36 Delamination
TPE #1 150 Sensor limit

#2 150 Sensor limit

#3 150 Sensor limit
PUMA #l 120 Connection leakage

#2 110 Connection leakage

#3 105 Delamination
NOA #1 79 Delamination

#2 74 Delamination

#3 76 Delamination

confirm the advantage of PUMA over PDMS for high pressure
flows. Finally, NOA chips exhibit maximum pressures around
70-80 PSI, which is still 2 times better than PDMS but almost 3
times lower than the 217 PSI previously reported.** It is likely
that a further optimized NOA protocol for thick channels may
provide better results for high-pressure injections.

4. Consequences for some flow patterns under high-
pressure

These different consequences of material deformability have
broad impacts in microfluidics, and should be carefully consid-
ered when choosing a prototyping material for a particular
application. (i) The theoretical expectations of microfluidic
behavior may be biased by incorrect predictions of geometries
and flow/pressure profiles. (ii) Further, the deformation can alter
the performance of devices. For example, such effects can be
problematic for Inertial Focusing,***° where the position of
focused particle streams depends strongly on channel aspect
ratio, or for Deterministic Lateral Displacement,* where oper-
ation strongly relies on precisely determined gap-distances
between posts for accurate particle separation. Deformation
affects pillars, which become narrower and increase the gap
between each other as the pressure increases,?” significantly
changing this cut-off. (iii) Finally, if we consider fast prototyping
as a step towards fabrication of commercial devices - like in rigid
plastic cards - such differences in flow will require adjustments
and optimization in the final device, increasing development cost.
Thus, future experiments on any microfluidic phenomena and
applications where a precise knowledge of the flow profile is
required, should consider the effect of channel deformation and
researchers should be aware of alternative materials that can
resolve these effects.

In the following section, we mainly discuss two consequences
of deformation under high pressure and consider how they affect
two microfluidic phenomena. (i) Cross-section deformation. We
especially consider how this deformation of the channel cross-
section may alter the accuracy of particle manipulation by iner-
tial focusing at high pressures.’! (ii) Acceleration along the
channel. Pressure drop has been reported to decrease nonlinearly
along the length of a deformable channel due to the deformed

This journal is © The Royal Society of Chemistry 2011

Lab Chip, 2011, 11, 3752-3765 | 3759


http://dx.doi.org/10.1039/c1lc20514e

Downloaded by Massachusetts I nstitute of Technology on 27 October 2011
Published on 07 October 2011 on http://pubs.rsc.org | doi:10.1039/C1L C20514E

View Online

channel shape. A nonlinear pressure drop is accompanied by
acceleration of the flow which may be a potential source of error
for various calculations, for example on shear-stress.** We
especially consider how this acceleration may affect vortex
structures in successive expansion/contraction channels.

Cross-section deformation and consequence for inertial focusing

Recently, Di Carlo and others have shown that inertial focusing
can separate microparticles and cells in microchannels.**>%3
Briefly, two inertial forces are involved: (i) a shear gradient lift
force and (ii) a wall effect lift force,*® inducing particle migration
across streamlines when the particle Reynolds number Rp is of
order 1 (Rp = Re(alH)? with a the particle diameter). In rectan-
gular or square channels, particles generally migrate to 2-4
distinct equilibrium positions which depend on the fold of
symmetry of channel cross-section.>

Material deformability affects inertial focusing, presumably
due to changes in channel cross-sectional shape and the overall
channel symmetry. We injected 9.9 pm beads both in PDMS and
TPE devices - TPE being the most rigid material - and compared

particle distributions after 4 cm - ensuring complete particle
ordering - and for different particle Reynolds numbers Rp
(Fig. 6.A and B). 3D histograms are plotted for both materials to
illustrate the variation of distribution as a function of Rp (Fig. 6.
C and D) and more quantitative measurements are presented in
Fig. 6.E. (i) As observed by Hur et al. in PDMS channels,** in
both PDMS and TPE channels, initially randomly distributed
particles began to migrate towards the channel centerline as Rp
increased to 0.73 (50 pL/min). However, focusing in TPE was
observed to be more accurate at earlier Rp (9 pm vs. 12 pm width
of the focused stream in Fig. 6.E). (ii) As the flow rate increased
(Rp = 1.09, 75 pL/min), particles started to occupy four focusing
positions in PDMS channels, while only two positions are still
distinguishable in TPE. Presumably, deformation in PDMS
channels leads to a more four-fold symmetric cross-section with
four equilibrium positions. (iii) At Rp = 2.18 (150 pL/min), beads
in TPE channel also shift to lateral focusing positions. (iv) As Rp
increased further (Rp = 3.63, 250 puL/min), particles in PDMS
channels which are located in lateral positions, tend to move
closer to the walls (Fig. 6.E). However, this displacement of
lateral positions at higher flow rates is not observed in TPE
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Fig. 6 Effect of material deformability on inertial focusing. (A) The microchannel design for inertial focusing is the same as for deformation studies,
consisting of a straight channel (W= 60 um, H = 52 pm, L = 5 cm) and a restriction (W = 30 um, L = 1000 pm) located 4 cm downstream the inlet.
Fluorescence images were captured in the middle y-plane, just before the restriction, to examine particle partitioning to dynamic equilibrium positions,
assuming this distance is long enough for particles to be laterally focused.***' (B) Schematic representation of the particle distribution in a rectangular
channel. Experiments were conducted by flowing monodisperse 9.9 pm particles with flow rates varying from 25 to 275 pL/min. At the inlet of the
channel, particles are randomly distributed. After 4 cm, particles flowing at Rp > 1 are inertially focused to four distinct equilibrium positions centered at
the faces of the channels.5! Distribution in a TPE channel should be affected by material rigidity. (C, D) 3D histogram illustrating particle alignment in
the Y-direction and dependence on Rp, for PDMS and TPE. At Rp = 0.73, particles aligned into a single train for both materials. At Rp = 1.09, particles
begin to align at four focusing positions in the Y-plane but only for PDMS. At Rp = 2.18, four positions are also distinguishable for TPE while at
Rp = 3.63, lateral positions shift closer to the walls in PDMS channels. (E) Estimation of focusing accuracy for different Rp, and comparison between
PDMS (red) and TPE (black). In particular, we determined the focusing width Wy, as the width at half of the maximum height extracted from
a Gaussian fit. Particle focusing in TPE is measured to be more accurate at lower flow rates as the width of the main stream at Rp = 0.73 is smaller for
TPE (@) than for PDMS (A). The interval between focusing positions increases with Rp for PDMS (A) but remains constant for TPE (O).
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channels, where the interval between focusing positions remains
around 18 pm. Such a difference could be explained by the lateral
expansion of the PDMS cross-section with increasing pressure,
resulting in a lateral shift of focusing positions.

These results confirm that particle distribution, which is
dependant on cross-section geometry, is also a function of
material deformability. Thus, optimal fluidic conditions defined
for focusing or separation in PDMS would have to be re-adapted
in rigid devices to have a similar final performance.

Acceleration along the channel and consequences for vortices

The presence of laminar vortices (i.e. Moffatt’s corner eddy flow)
at sudden enlargements in microscale channels has been observed
and studied in the fluid dynamic community.3*% Particle motion
in these recirculations has been further investigated.**=® More
recently, Hur, Mach et al ®*¢' demonstrated that these vortices
can be utilized for size-based target cell separation with pro-
cessing rates as high as 7.5 million of cells/s. In such applications,
vortex size uniformity appears to be a crucial parameter to
guarantee consistent performance. Here, we evaluate a similar
design (i.e., a straight channel with 8 reservoirs in series as rep-
resented in Fig. 7.A) to determine the effect of channel defor-
mation on variation in vortex shape and size.

Vortex length increases with increasing channel deformation.
In flow rates leading to vortex formation, the detachment of the
boundary layer was observed at R¢ = 26.5 for both PDMS and
TPE channels. In these conditions PDMS deformation is low and
has a negligible impact on the flow pattern we considered. For
higher flow rates, deformation in width and depth are observed
(SI Figure 271). Especially, a significant deformation in PDMS
channel height is observed in vortex reservoirs upstream, i.e. at
higher pressure (from 23 to 8% for reservoir 1 to 8). Fig. 7.B

(A)

Inlet

'LVOR TEX

Lg=1210 pm

8 reservoirs

demonstrates the flow pattern observed in the first reservoir while
Fig. 7.C reports the vortex length for both TPE and PDMS as
a function of reservoir number. Vortices in PDMS behave
differently than in TPE, as indicated by differences in the slopes
of linear fits. In rigid TPE channels, vortices have a similar shape
and length whatever the reservoir location. However, for PDMS
chips, vortex length decreases along the channel and towards the
outlet, following a decrease in reservoir cross-section and an
increase in velocity. In other words, successive reservoirs in the
same PDMS chip exhibit different vortex structures, which are
longer in a deformed reservoir than in a rigid one with the same
initial dimensions. COMSOL simulations of flow patterns in
vortices were conducted, assuming the deformed shape reported
in SI Figure 1B.f The vortex length determined from these
simulations is plotted in Fig. 7.C for each reservoir and confirms
a decrease in vortex length for decreasingly deformed channels.
Such a variation in vortex size is expected to result in non-
uniform capturing of particles, with capture less efficient at the
beginning of the channel. Researchers interested in controlling
and utilizing these effects are strongly encouraged to consider
rigid materials to increase consistency.

5. Other behaviors
Biocompatibility

Short term and long term cell viability was material-dependent
after 2 and 24 h for HeLa cells incubated in TPE, PUMA and
NOA chambers, and compared to 1: 10 PDMS as a reference
(Fig. 8). PDMS is well-suited to cell culture due to its perme-
ability to oxygen and carbon dioxide which allow cells to respire
normally.?*** PDMS, PUMA and NOA yielded similar cell
viability after 2 h (between 82 and 90%). After 24 h, PUMA and
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Fig. 7 Effect of material deformability on vortex flow field. (A) The microchannel design for vortex formation is shown. A straight channel
(We=60 um, H=70 um, L =4 mm) is implemented with 8 reservoirs (W = 560 um, L = 1210 um) located every | mm downstream. Filters located at
the inlet prevented channel clogging by bead aggregates. (B) Vortices were visualized using 1 pm fluorescent particles. Flow rate is fixed at 400 pL/min,
corresponding to a Reynolds number based on the channel width, Rc = 156. (C) Measured vortex length (Lyor7Ey) versus the reservoir position along
the microchannel, for four PDMS on Glass (A) and two TPE (@) chips, at 400 pL/min. Lyogrrex corresponds to the length between the channel
enlargement and the attachment point, and decreases with distance downstream (i.e. with decreasing pressure) for deformable PDMS channels, but is
less dependent on position for rigid TPE channels. This general trend is also reported for vortex length determined by FEM simulations (x). We used
COMSOL Multiphysics to numerically solve the Navier—Stokes Equations for incompressible fluid in the same channel geometry. From the solution, we
were able to extract data such as the velocity field, streamlines, and Lyog7rrx to compare with experiments.

This journal is © The Royal Society of Chemistry 2011 Lab Chip, 2011, 11, 3752-3765 | 3761


http://dx.doi.org/10.1039/c1lc20514e

Downloaded by Massachusetts I nstitute of Technology on 27 October 2011

Published on 07 October 2011 on http://pubs.rsc.org | doi:10.1039/C1L C20514E

View Online

NOA still maintained more than 85% viability, an improvement
over PDMS which exhibited 70% viability (statistical significance
=0.018 and 0.029 in comparison with PUMA and NOA). These
results agree with the known clinical biocompatibility of
PUMA 323363 Similarly, NOA biocompatibility has already been
verified with HeLa cells and neurons observed in microfluidic
NOA stickers.3*** Contrastingly, TPE yielded a lower percentage
of viable cells, around 80% even after 2 h of incubation. Previous
uses of TPE for microfluidic chips have been mainly for elec-
trophoresis and protein separation, such that its suitability for
cell culture is largely unknown.?? Nevertheless, this effect is not
statistically significant with our sample size after static use
(significance > 0.07), such that toxicity should not be a limiting
problem for flow through applications.

Optical transparency

Optical transparency is important to consider for selecting
a prototyping material. Especially, the detection of cells or small
bioparticles may require direct observation or sensitive optical
detection, such as fluorescence, when injected at high flow rates.
Optical characterizations were previously reported for each
material separately.?33+3563 (i) All TPE, PUMA and NOA
substrates have optical transmission similar to glass and PDMS
in the visible range (400-800 nm) and can be directly placed on
a microscope to examine cells or bioparticles. (ii) Due to the
presence of UV photoinitiator for crosslinking, the transmittance
of these materials quickly decreases below 400 nm, while glass
and PDMS substrates transmit down to 300 nm and 240 nm
respectively. Thus these UV-curing polymers are not particularly
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Fig.8 Material biocompatibility measured with HeLa cells incubated in
microchambers constructed of the polymers. HeLa cells cultured in
RPMI medium 1640 with 10% FBS were trypsinized and resuspended in
RPMI before use. Three square chambers, 1 x 1 cm, were designed for
each polymer and each incubation time. All chambers were first rinsed
with ethanol and incubated with 200 pL Fibronectin (50 pg/mL) at room
temperature for 30 min. After removal of Fibronectin, 500 uL of HeLa
cells were incubated at 37 °C in the wells and observed after 2 h and 24 h.
Before observation, live cells were stained with 2 uM Calcein AM and
dead cells with 4 uM EthD-1. The cells were then trypsinized and
removed from suspension with DMEM. Green (live) and red fluorescent
(dead) cells were counted using a hemacytometer.

suitable for applications concerned with measuring UV absor-
bance of species within channels. (iii) Less autofluorescence is
measured for PUMA than for TPE but still more than for
PDMS. However, the autofluorescence level of the three
substrates is shown to be similar to other thermoplastic materials
and suitable for applications involving fluorescence detection.
The autofluorescence level measured for 170 um films made of
NOAS8I1 has been reported to be 4 times smaller than for the
PDMS at 520 and 580 nm,** which also confirms NOASI is well-
suited to fluorescence detection-based applications.

Solvent compatibility

Solvent compatibility needs to be considered when choosing
materials for specific analyses other than injection in water.
Solvent resistant materials are needed since swelling can lead to
premature device delamination, while solvent incompatibilities
can lead to device cracking or reactant and assay contamination.
Even for purposes beyond chemical synthesis on-chip, there is
interest in using 70% ethanol and silicone oils in microfluidic
devices. Ethanol is used as a sterilization agent for biological
applications as well as a solvent for surface modifying chemical
reactions, such as APTES surface coatings.®® Additionally, there
is a growing interest in droplet-based microfluidic systems in
which silicone oils often are used. The solvent compatibility for
PDMS, PUMA, NOA and TPE devices as separately reported in
literature are compiled in a table (Fig. 9.A) while Fig. 9.B and C
present our results obtained from injections of 70% ethanol and
1 ¢St PDMS oil.

The well-known incompatibility of PDMS with many organic
solvents strongly limits its range of applications to aqueous
solutions.®® For example, the PDMS devices we tested showed
poor compatibility in 70% Ethanol, yielding a normalized failure
flow rate of 68.6% compared to water injection, due to a strong
and fast solvent-induced swelling of the device. Application of
PDMS to droplet-based microfluidics is also challenging as the
injection of oil solutions usually requires specific surfactants or
a stable surface treatment. For example, PDMS devices are
incompatible with 1 ¢St PDMS oil, exhibiting immediate and
significant swelling. TPE and PUMA have shown a greater
resistance to swelling than PDMS for a wide range of
solvents.?*3? The TPE devices we tested exhibited an excellent
compatibility with both 70% Ethanol and Silicone oil, with
similar maximum flow rate (101 £ 2.37% and 100 £ 2.37%) and
conservation of feature integrity. PUMA also exhibited a broad
resistance to solvents, especially acetone, dyes, acids and bases.
However, most organic solvents like ethanol at 100% purity are
reported to cause PUMA swelling,*? as confirmed by our tests in
which PUMA exhibited total delamination upon contact with
70% ethanol. In contrast, the PUMA chips were compatible with
1 ¢St PDMS oil showing neither reduction in normalized flow
rate (100 £ 12.4%) nor swelling. NOA devices showed no
solvent-induced swelling when injected with 70% ethanol or 1 cSt
PDMS oil, which is consistent with previously reported
results.3+97:%8 However, the failure flow rate in ethanol was found
to be lower than for water, which has not been explained yet. The
good compatibility of NOA with various solvents and oils
explains the widespread use of thiolene devices for generation of
solvent droplets as organic-phase micro-reactors.?*3¢7 These
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Ethyl Acetate |  1.18" 1.30° § = Swollg 9
AceticAcid, 1M | 1.00 1.00F 1.0 g 5 o Foaturs Lioss
H"df;:'ﬂ’imc 1.02 1.00° 1.0% CJE
HydArT:::m 1.024 1.00° 1.0¢ ° 70% Ethanol in Water PDMS Oil 1cst
Hydfox?ggl:m 1or 1.00° 1.0 (C)
Cyclohexane 1.33- 1.00°
N-Heptane 1.34- 1.00°F 1.1K
Benzene 1.28" 1.10° 1.32¢
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Suifoxide?g:ﬁgg)l 1.00: 1.5
Formaldehyde 1.0¢
Fluorinert 1.0%
Mineral Qil 1.0%
Silicone ail 1.0¢
Perfluorodecalin 1.00t 1.0¢

Fig. 9 Material solvent compatibility. (A) Table of swelling ratios for different solvents based on data reported by Lee ez al.-,*® Fiorini et al.*,* Kuo
et al.*,* and Cygan et al.©.°” These swelling ratios are obtained following the method previously proposed by Lee et al.,°® which compares the lengths of
solid pieces of each material before and after being immersed in a solvent for 24 h at 25 °C. (B) For each material, the maximum flow rate to chip failure
for 70% Ethanol in water and 1 ¢St PDMS oil (PDMS 200 fluid) were measured (Qruinure in soiven) and normalized to the maximum flow rate in water
(QFuiture in warer)- In these experiments only, channels with larger geometry were used such that any solvent effects could be more easily observed.
Additionally, each device was observed under a microscope during the tests to assess solvent induced device swelling. Feature integrity was evaluated
with “+’, ‘=’ or © - -’ respectively indicating no swelling, swelling of features, or disappearance of features. (C) The effect of swelling on channel features
was obtained by examining the features before and after solvent injection, where a dotted line represents the original geometry. The top and bottom left
are PDMS channels injected with 1cSt PDMS oil and 70% ethanol in water respectively. The top and bottom right are TPE channels with 1 ¢St PDMS oil

and NOA channels with 70% ethanol in water.

experiments confirmed the good chemical resistance of TPE,
PUMA and NOA to solvent solutions and their suitability as
alternatives to PDMS for critical microfluidic applications where
solvents are required.

6. Overall performance of replica molded polymer
microfluidic devices

As summarized in Table 2, rapid prototyping in PDMS is
advantageous because of its low cost, quick and straightforward
fabrication, and its biocompatibility which allows its use for
many applications. Nevertheless, its elastomeric nature and low
elastic modulus result in many drawbacks. Indeed, even at low
flow rates significant channel deformation occurs as the channel
inlet pressure increases. This distortion introduces a non-line-
arity into the pressure flow relationship and the associated
stabilization time can reach some minutes, even some hours for
viscous fluids.3* Further, the sealing to glass substrates fails at
around 30-50 PSI, making PDMS devices inappropriate for high
pressure injections.

Fabrication in TPE is more complex but still accessible, quick
and cheap. TPE bonding was found to be highly reproducible

and stronger than PDMS. The high rigidity of TPE, similar to
glass, is also of great interest for high pressure injections as it
prevents channels from being deformed. TPE compliance is
negligible and fluidic resistance is not dependent on the pressure,
thus resulting in a linear relationship between pressure drop and
flow and a fast stabilization time. Its main limitation is its lower
and relatively unknown biocompatibility for long-term cell
culture.

The PUMA and NOA fabrication processes are simpler than
for TPE and biocompatibility has already been validated for
clinical devices for PUMA. The suitability of PUMA and NOA
for high pressures lies between PDMS and TPE as the sealing
strength is weaker than for TPE but still higher than PDMS, and
channel deformation is still visible with PUMA when pressures
increase.

All polymers tested (TPE, PUMA and NOA) (i) show good
transmission in the visible light region but similarly block UV
light, (ii) can be replicated over a wide range of feature sizes, and
(iii) possess a solvent resistance better than PDMS. For these
reasons, TPE, PUMA and NOA are promising alternatives to
PDMS for rapid prototyping for high pressure or geometrically
sensitive applications.

This journal is © The Royal Society of Chemistry 2011
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Table2 Overall performance of PDMS, TPE, PUMA and NOA as materials for rapid prototyping of microfluidic devices and high pressure injections

PDMS TPE PUMA NOA
Material properties Hardness - ++ + +
Biocompatibility + — ++ ++
Optical Transparency ++ + + +
Solvent Compatibility — + + +
Performance for Fast Prototyping and Ease of Use + - ++ ++
High Pressure Injections Fabrication Time lh + 2h lh + lday lh + 2h lh + 2h
Cost <$1/mL ~$4.5/mL ~$2.2/mL <$1/mL
Replication Fidelity + + + +
Channel Deformation — ++ + +
Stabilization time — ++ ++ ++
Maximum Pressure - ++ + +
Inertial Focusing - ++ + +

7. Conclusion

Since the evaluated polymers all have advantages and disad-
vantages, the choice of the material will depend on the applica-
tion. For applications coupling microfluidics with optical
analysis, such as inertial focusing and flow cytometry, for which
an accurate prediction of particle alignment is required, channel
deformation and resulting pulsation of channels is the main issue
to consider. Because of its higher rigidity, TPE is suggested as the
material of choice for such applications. We also believe TPE is
the best alternative to PDMS for particularly high pressures or
for situations demanding fast flow-stabilization like in stop-flow
lithography. For applications where biocompatibility is crucial,
PUMA and NOA will be both perfectly suitable, with an
advantage for PUMA which has already satisfied all clinical
accreditations. In applications that involve chemicals or surface
treatment, such as droplet microfluidics, TPE and NOA are
particularly adapted thanks to their excellent compatibility with
most oils and solvents.
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