
Received: 16 November 2020 Revised: 24 December 2020 Accepted: 20 January 2021

DOI: 10.1002/nano.202000241

RESEARCH ARTICLE

Self-sealing thermoplastic fluoroelastomer enables rapid
fabrication of modular microreactors

Alexander H. McMillan1,2 JuanMora-Macías3 Joan Teyssandier4

Raymond Thür2 Emmanuel Roy5 Ignacio Ochoa6 Steven De Feyter4

Ivo F. J. Vankelecom2 Maarten B. J. Roeffaers2 Sasha Cai Lesher-Pérez1

1 Elvesys Microfluidics Innovation Center,
Paris, France
2 Department of Microbial and Molecular
Systems, Centre for Membrane
Separations, Adsorption, Catalysis and
Spectroscopy for Sustainable Solutions
(cMACS), KU Leuven, Leuven, Belgium
3 Department of Mining, Mechanical,
Energy and Construction Engineering,
University of Huelva, Huelva, Spain
4 Division of Molecular Imaging and
Photonics, Department of Chemistry, KU
Leuven, Leuven, Belgium
5 Eden Tech SAS, Paris, France
6 Tissue Microenvironment Lab (TME),
Aragón Institute of Engineering Research
(I3A, Institute for Health Research
Aragon (IIS Aragón, Biomedical Research
Networking Center in Bioengineering
Biomaterials and Nanomedicine
(CIBER-BBN), University of Zaragoza,
Zaragoza, Spain

Correspondence
SashaCai Lesher-Pérez, ElvesysMicroflu-
idics InnovationCenter, 75011 Paris,
France.
Email: sashacai.lesherperez@gmail.com

Funding information
H2020Marie Skłodowska-CurieActions,
Grant/AwardNumbers: 722591, 753743;
Horizon 2020FrameworkProgramme,
Grant/AwardNumber: 829010

Abstract
A novel fluorinated soft thermoplastic elastomer (sTPE) for microfluidics is pre-
sented. It allows the rapid fabrication ofmicrofluidic devices through a 30-second
hot embossing cycle at 220◦C followed by self-sealing through simple conformal
contact at room temperature, or with baking. The material shows high chem-
ical resistance, particularly in comparison to polydimethylsiloxane (PDMS), to
many common organic solvents and can be rapidly micropatterned with high
fidelity using a variety of microfluidic master molds thanks to its low mechani-
cal stiffness. Self-sealing of the material is reversible and withstands pressures
of up to 2.8 bar with room temperature sealing and four bar with baking at
185◦C for 2 hours. The elastomeric, transparent sTPE exhibits material charac-
teristics that make it suited for use as a microreactor, such as low absorption,
surface roughness and oxygen permeability, while also allowing a facile and scal-
able fabrication process. Modular microfluidic devices, leveraging the fast and
reversible room temperature self-sealing, are demonstrated for the generation of
water droplets in a toluene continuous phase using T-junctions of variable size.
The sTPE offers an alternative to common microfluidic materials, overcoming
some of their key drawbacks, and giving scope for low-cost and high-throughput
devices for flow chemistry applications.
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1 INTRODUCTION

While the evolution of microfluidics has placed an empha-
sis on its use as a tool for biological research,[1] the ini-
tial emergence of microfluidic technology touted its use
for chemical analysis and synthesis.[2–6] Indeed, the phys-
ical characteristics of fluids at the micro scale can pro-
vide for chemical syntheses with greater speed[7] and
selectivity,[8] while also permitting safer[9] and more sus-
tainable reactions[10,11] as compared to batch chemistry
methods. The implementation of microfluidic systems in
chemical synthesis never proliferated in the same fashion
as in biological studies.[12] While there are numerous fac-
tors as to why, one key bottleneck has been the selection of
a material with suitable properties for the demands of flow
chemistry that also permits an easily adoptable method of
microfluidic device fabrication.
Flow chemists usingmicrofluidic devices have tradition-

ally stuck to what is familiar, most often opting for glass
devices, which demonstrate excellent chemical inertness,
heat resistance and optical clarity. The tradeoff for glass
devices is their higher material cost and more expensive
and intensive fabrication methods as compared to those
of polymeric materials.[13] Furthermore, glass microde-
vice fabrication most often entails the use of danger-
ous chemicals (such as hydrofluoric acid or potassium
hydroxide), whereby stringent, and costly, safety mea-
sures must be put in place to ensure proper handling, dis-
posal, and clean-up. The multi-step process of glass wet
etching[14] requires sophisticated equipment and exper-
tise, and results in a large time investment for individual
devices. While alternative methods of glass micropattern-
ing exists, such asmicromachining,[15] laser-assistedmate-
rial modification[16–18] and deep reactive ion etching,[19]
they do not significantly improve the ease or speed of
device fabrication. The accumulation of cost and fab-
rication time further increases with subsequent bond-
ing of glass devices, which can be accomplished through
adhesives,[20] anodic bonding,[21] high temperatures and
pressures[22,23] or chemical washing.[24,25] The work-flow
of glass microfluidic device processing and development
can make it inaccessible to labs in lower-resource settings.
A transition to plastic devices in flow chemistry that

addresses the costly and intensive fabrication of glass
devices is a complicated endeavor that has not yet been
fully realized. Most polymeric materials championed in
microfluidics are those used in biological applications.
This includes polydimethylsiloxane (PDMS), polystyrene
(PS) and polycarbonate (PC), which are incompatible
with many organic solvents.[26,27] Organic solvents cause
these materials to swell or dissolve entirely, leading to
microchannel deformation in minor cases and complete
device failure in more serious cases.[26,28]

Fluoropolymers, however, offer higher chemical resis-
tance than that of most other plastics[29,30] and have
been used formicrofluidic devices through 3D printing,[31]
xurography,[32] hot embossing,[33,34] micromachining[35]
and photocurable molding,[36] as well as in solvent
resistant coatings for PDMS channels.[37,38] Despite suc-
cessfully achieving solvent resistant polymeric microflu-
idic devices, predominantly using polytetrafluoroethylene
(PTFE), none of these techniques has been widely adopted
for flow chemistry applications. This is likely due to some
fabrication complexities that persist in these techniques,
such as limited resolution, high initial costs and low-
throughput production that is not easily transferable to
large-scale employment. While these techniques are vari-
able in their strengths and drawbacks, they all share a chal-
lenge associated with bonding – a common difficulty faced
when working with fluoropolymers. The most promising
microfabrication methodologies rely on the addition of
adhesive layers for sealing[33,39] or thermal bonding,[32,34]
which introduces complications of channel collapse or
deformation without careful optimization of bonding pro-
cedures.
The emergence of soft thermoplastic elastomer (sTPE)

materials, such as Flexdym [40–42] and Versaflex CL30,[43]
has made steps in bridging the gap between the fab-
rication accessibility of elastomeric materials (like
PDMS) and the high-throughput production potential of
thermoplastics.[44] These materials have principally been
composed of styrenic co-polymers, which have favorable
material properties for biological applications. Moreover
they can be processed to make microfluidic devices
through rapid hot embossing and facile self-sealing
through conformal contact,[40] thanks in part to their soft,
elastomeric properties. This self-sealing is a reversible
process that avoids the additional measures for bonding
that are required by other thermoplastics and that have
persistently limited the more widespread adoption of
thermoplastic devices.[45] These sTPEs can be inexpen-
sively and quickly made into devices in small lab settings,
but very critically possess the same scale-up potential as
traditional hard plastics through techniques like injection
molding and roll-to-roll hot embossing. Consequently, the
same material can be implemented across manufacturing
scales, in both research-scale development and industrial-
scale implementation. This fabrication transferability of
sTPEs sharply contrasts with hard thermoplastics, which
most often require robust and expensive master molds
that must handle high temperatures and pressures and
withstand de-molding from rigid substrates.[46,47] The
resulting cost and processing expertise becomes largely
infeasible for small labs and rapid prototyping, posing a
significant bottleneck in microfluidics’ transition between
research and industry with hard plastics. While these
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existing sTPE materials have been shown to be effective
for biological applications, their material composition sug-
gests chemical resistance similar to that of polystyrene,[48]
thus unsuitable for most flow chemistry applications in
which organic solvents are used.
In this work, we introduce Fluoroflex (Eden Tech),

a new fluoroelastic terpolymer Poly(TFE-ter-E-ter HFP)
material which is melt processable, transparent and fea-
tures enhanced self-sealing properties (TFE = tetrafluo-
roethylene, E = ethylene, HFP = hexafluoropropylene).
We evaluate the sTPE’s resistance to a variety of common
organic solvents by swelling testing, and further charac-
terize the material’s optical, mechanical and surface prop-
erties in addition to investigating its absorption of small
molecules and oxygen permeability. A microfabrication
protocol was developed, allowing the rapid and facile pro-
duction of microfluidic devices with a hot embossing cycle
of less than 1 minute followed by self-sealing via confor-
mal contact. Finally, a modular Fluoroflex device is used
for variable size droplet generation to demonstrate the util-
ity of its fast and reversible self-sealing, highlighting the
polymer’s potential as a solvent resistant material for flow
chemistry microreactors with highly transferable fabrica-
tion characteristics.

2 RESULTS AND DISCUSSION

2.1 sTPEmicrofabrication

2.1.1 Hot embossing

Raw Fluoroflex material is processed in an extruded pel-
let form, requiring a thermoforming procedure to achieve
a functional microfluidic device. Fluoroflex exhibits a
melting temperature of approximately 210◦C –220◦C.
Attempted hot embossing at 200◦C produced a crum-
bling effect on the polymer pellets, as opposed to pure
melting behavior. 220◦C was found to be the minimum
temperature at which reliable hot embossing molding
could be achieved. At temperatures above the polymer
melt/flow temperature, the material essentially acts as a
liquid, capable of filling sub-micrometric spaces (analo-
gous to liquid PDMS prepolymer-crosslinker during soft
lithography). While the lower limit of Fluoroflex chan-
nel and feature dimensions was not explicitly evaluated,
the theoretical limit possible is in the sub-micrometer
range.
sTPE pellets were uniformly placed between amicroflu-

idic master mold and a smooth rigid surface (glass slide,
silicon wafer or polished metal plate) opposite the mold
to act as a counter-plate for hot embossing. sTPE hot
embossing was performed with a manual heat press at

220◦C by applying pressure for approximately 15 seconds,
or until the melted polymer propagated across the desired
area of hot embossing. Pressure was then released and the
mold assembly was removed from the heat press and left
at room temperature to cool for 1 minute before removal
of the counter-plate. The sTPE sheet itself could subse-
quently be removed easily from the master mold. The
1-minute cooling window allows enough time for the poly-
mer to cool below its melt/flow-temperature of ∼220◦C.
Without this wait time, the mechanical integrity of the
micropatterned polymer sheet is not maintained, whereby
attempted removal of the sheet results in tearing and/or
plastic deformation. The same procedure was repeated
with a plain glass slide in place of themaster mold in order
to obtain un-patterned sTPE sheets as the complementary,
bottom layer for microfluidic device sealing.
The developed hot embossing protocol was used to cre-

atemicropatterned sheets of the Fluoroflex polymerwithin
30 seconds (Figure 1A). Half of this time, ∼15 seconds, is
spent to heat both themold and counter-plate of the assem-
bly before pressure is applied through the press. Without
this step, the polymer pellets were found to produce less
uniformmelt distribution, sometimes resulting in air bub-
bles in the final micropatterned sTPE sheet. The time of
the assembly under pressure could be varied depending
on the desired thickness of the final sTPE sheet. Spacers
could be placed between the two heated plates to con-
trol for the final hot embossed sTPE sheet thickness. A
pressing time of 15 seconds was sufficient for producing
sTPE sheets of between 0.5 and 1 mm thickness, whereas
∼100 µm films could be fabricated by removing spacers
and pressing for 30 seconds. These thin, elastomeric films
could feasibly be used for the implementation of on-chip
pneumatic “Quake” valves.[49] Hot embossed sTPE sheets
can be stored indefinitely for subsequent manipulation or
bonding, with no degradation observed throughout the
duration of this work. Step-by-step images of the sTPE hot
embossing process are shown in Figure S1.
In this work, two types of microfluidic master mold

were used for hot embossingmicropatterned sTPE: an elec-
troformed nickel-cobalt mold and dry film photoresist-
based molds. While the metallic mold is representative
of a hot embossing mold for hard thermoplastics, Fluo-
roflex’s elastomeric properties permit the use of less robust
molds on glass slides or silicon wafer substrates. The dry
film photoresist molds, consisting of Ordyl photoresist on
glass slides, represent a fast and inexpensive means of
microfluidic molding.[50] Fluoroflex’s versatility in mold-
ing is consistent with that of previously reported sTPEs,
and highlights the transferability of such materials; they
present a PDMS-like low investment threshold for small-
scale implementation, but also possess the scope for large-
scale production of thermoplastics.
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1388 MCMILLAN et al.

F IGURE 1 A, Removal of a sheet of Fluoroflex from a nickel-cobalt microfluidic mold after hot embossing for under 30 seconds to
create micro-patterned Fluoroflex sheets, which can be subsequently assembled into microfluidic devices through self-sealing. B, Profilometer
image of serpentine channels (70 µm, 1:1 aspect ratio) patterned into Fluoroflex with nickel-cobalt mold, exhibiting mold-chip fidelity of
approximately 3 µm, or less than 5% difference. Dark spots between channels likely indicate the presence of dust particles on the sTPE sheet

While hot embossing equipment is not currently com-
monplace in microfluidics labs, the cost of hot embossing
equipment is rather modest as compared to equipment in
traditional microfluidic work flows (e.g., 2000–3000 EUR
for the manual heat press used in this study). The hot
embossing procedure is compatible with typical microflu-
idic master molds and, outside of a heat press, does not
require further equipment beyond what exists in a stan-
dard microfluidic soft lithography work flow, namely an
oven. That being said, an alternative method of Fluoroflex
micropatterning could be envisioned by adding weight
atop the polymer/mold assembly in an oven to achieve
thermoformedmicropatterned sTPE sheets while avoiding
the need for a heat press.

2.1.2 Self-sealing bonding strength

Fluoroflex microfluidic device assembly could be com-
pleted manually in a matter of minutes. Micropatterned
sTPE sheets were cut to the desired size with scissors and
holes were punched at the desired port locations with a
steel hole punch. The sheets were then manually placed
in conformal contact with pieces of un-patterned sTPE
sheets of similar size, ensuring no air bubbles were present
between the sTPE layers. Contact at this stage can eas-
ily be reversed and positioning of the sTPE layers can be
adjusted. Robust self-sealing was achieved within minutes
with simple conformal contact at room temperature, with-
out baking. Assembled devices could optionally be baked
at 185◦C for 2 hours to achieve self-sealing with a stronger
seal while still maintaining the structural and dimensional
integrity of the molded parts.
This is markedly simpler than analogous procedures

for glass and hard thermoplastic microfluidic devices,

which require diverse and sometimes process-intensive
and costly steps for sealing and interfacing.[45] Likewise,
other fluoropolymer microfluidic devices reported in liter-
ature involve the use of adhesive layers[33,39] or thermal
bonding[32,34] for sealing. Even PDMS, which can readily
form conformal contact thanks to its elastomeric proper-
ties, requires plasma surface activation in order to achieve
robust device sealing. Fluoroflex requires only conformal
contact at room temperature for immediate device sealing,
or optional baking for 2 hours. The sealing condition, with
either room temperature or baking, was found to affect the
bonding strength of Fluoroflex.
Self-sealing bonding strength was evaluated through

pressure-regulated burst testing using a microfluidic
device design consisting of two disconnected channels
separated by a gap of 1 mm. The inlet channel was increas-
ingly pressurized with water by a pressure controller in
50 mbar steps of 5 seconds each until delamination across
the sTPE-bonded gap occurred, or until the maximum
testing pressure of 4000 mbar was reached. Pressure
testing was conducted on devices representing a variety of
different sealing conditions following conformal contact
in order to test the sealing pressure capacities achievable
with and without baking measures. The first step in
all sealing conditions was creating conformal contact
between the two sTPE layers.
Pressure delamination tests showed bonded sTPE

devices withstanding a maximum testing pressure of 4 bar
after baking for 2 hours at 185◦C. Room temperature seal-
ing, consisting only of conformal contact between two
sTPE layers, demonstrated time dependent strength. On
shorter timescales (i.e., same-day production), microde-
vices sealed at room temperature for 5 minutes and
3 hours before pressure delamination testing showed
bonding strengths of 1460 ± 22 and 1799 ± 229 mbar
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(mean± standard deviation), respectively.While the bond-
ing strength of room temperature sealing is lower than
that achieved by baking, if high pressure capacities are not
required, it provides the possibility for near-immediate use
of Fluoroflex devices after hot embossing (i.e., rapid pro-
totyping). Room temperature sealing also eliminates the
need for an oven, adding to the simplicity and accessibil-
ity of microfabrication with Fluoroflex. An additional set
of delamination devices bonded at room temperature for
5 minutes exhibited a bonding strength of 1310 ± 96 mbar,
showing little difference between batches of sTPE devices
fabricated on different days. In comparison, the strength
of PDMS-to-PDMS (irreversible) bonding via air or oxy-
gen plasma surface activation commonly falls between 2
and 3 bar,[51,52] but has been reported in the range of 0.7–
4 bar,[53] reflecting its high sensitivity to plasma param-
eters and environmental conditions. However, reversible
sealing of PDMS to PDMS based on conformal contact
at room temperature, similar to the sealing done with
Fluoroflex, exhibits a bonding strength of approximately
0.4 bar.[51]
Room temperature sealing of Fluoroflex on longer

timescales resisted higher pressures, with delamination
devices withstanding 2350 ± 285 mbar 1 day after fabrica-
tion and 2850 ± 127 mbar 4 weeks after fabrication. The
time dependence of sTPE bonding indicates a behavior
similar to that of other sTPE materials. Lachaux et al., for
example, described the Flexdym sTPE as a “slow adhesive
polymer foil” for its intrinsic adhesive and cohesive prop-
erties resulting from the re-organization and interpenetra-
tion of mobile branched polymer chains at the interface
of two polymer sheets.[40] This re-organization of polymer
chains across the interface of two polymer sheets in confor-
mal contact does not constitute covalent bonding between
the two pieces. It occurs at room temperature and can be
accelerated and enhancedwith elevated temperatures (i.e.,
baking).
These findings highlight the potential for a streamlined

fabrication methodology. Waiting a few days or weeks for
robust room temperature bonding may be impractical in
small-scale research contexts, especially when ovens are
commonplace equipment. However, this material prop-
erty could be particularly advantageous in larger-scale pro-
duction, in which the removal of a processing step could
have significant cost and logistical benefits when immedi-
ate bonding is not necessary. Bonding could, for example,
take place in the transit time between a microdevice pro-
ducer and a distributor or end-user.
The reversibility and reusability of Fluoroflex sealing

was explored by testing sTPE devices re-bonded after
already having been bonded. For example, two sets of
delamination devices were sealed at room temperature

and left for 1 day before being manually separated and
immediately replaced in conformal contact. Delamination
testing on the two sets was then conducted 5 minutes and
3 hours, respectively, after this second conformal contact
was made. Resealing of Fluoroflex after an initial bonding
and separation showed decreased bond strength. Delami-
nation devices tested 5 minutes and 3 hours after resealing
(at room temperature) exhibited bonding strengths of
990 ± 108 mbar and 1411 ± 273, respectively, both approxi-
mately 400 mbar inferior to the bonding strengths of their
initial-bond counterparts, i.e., devices tested 5 minutes
and 3 hours after their first sealing at room temperature.
However, further loss of bonding strength was not found
after additional separations and resealings. Devices sepa-
rated and resealed at room temperature five times before
delamination testing (5 minutes after the last resealing)
exhibited a bonding strength of 1030 ± 76 mbar. Moreover,
bonding strength could be recovered through baking.
Baking for 2 hours at 185◦C after separating and resealing
five times at room temperature resulted in sTPE devices
withstanding the maximum testing pressure of 4 bar. Sim-
ilarly, devices that were sealed through baking, separated,
and then baked again also withstood the maximum testing
pressure of 4 bar.
Fluoroflex’s reversible self-sealing opens new possibil-

ities that are in contrast with the permanent bonding
most often utilized with other microfluidic materials, be
it PDMS, hard thermoplastics or glass. Reversible sealing
provides a practical advantage of enabling the correction of
manual errors or misalignments of multi-layered devices
instead of discarding a flawed device. This also gives scope,
for example, to separate and clean a device after use before
being resealed and re-used, as well as the ability to fabri-
cate modular devices, in which discrete functional device
components can simply andquickly bemixed andmatched
with fast room temperature sealing. Modular microflu-
idics, leveraging Fluoroflex’s self-sealing properties, is dis-
cussed further in Section 3.6.
Finally, to test the reusability of the sTPE material, one

set of delamination devices was hot embossed using pieces
of sTPE sheets that had already been hot embossed and
bonded, instead of with raw sTPE pellets. These devices
made from recycled Fluoroflex pieces showed a bonding
strength of 1590 ± 129 mbar, incidentally slightly greater
than the bonding strengths of the two sets of analogous
devices fabricated with the same sealing conditions, but
with raw sTPE pellets. These devices, made from recy-
cled Fluoroflex, demonstrate the potential to reuse not only
individual devices through reversible sealing, but also the
material in its entirety through secondary hot embossing to
fabricate new devices. This repurposing could translate to
reduced material consumption, and with it, reduced cost
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TABLE 1 Summary of self-sealing bond strengths of Fluoroflex after variable sealing conditions determined through delamination
testing. sTPE delamination devices were sealed at either room temperature (RT) or 185◦C and pressure tested after their first bond or after
they had been separated and resealed (re-bond). Finally, one set (n = 5) of delamination devices was fabricated using recycled sTPE material
that had already been hot embossed and bonded. Bond strengths are reported as mean ± standard deviation given a maximum testing
pressure of 4000 mbar

Set No. Sealing Condition Bond Strength [mbar]
1 First bond, 185˚ C 2 h bake at 185˚ C, 1 h at RT 4000 ± 0 (max)
2 First bond, RT 5 min at RT 1460 ± 22
3 First bond, RT 5 min at RT (repeated set) 1310 ± 96
4 First bond, RT 3 h at RT 1799 ± 229
5 First bond, RT 1 day at RT 2350 ± 285
6 First bond, RT 4 weeks at RT 2850 ± 127
7 Re-bond, 185˚ C 2 h bake at 185˚ C, separation, 2 h bake at 185˚ C 4000 ± 0 (max)
8 Re-bond, RT 1 day at RT, separation, 5 min at RT 990 ± 108
9 Re-bond, RT 1 day at RT, separation, 3 h at RT 1411 ± 273
10 Re-bond, RT 1 day at RT, 5×(separation, 5 min at RT) 1030 ± 76
11 Re-bond, 185˚ C 1 day at RT, 5×(separation, 5 min at RT), 2 h bake at 185˚ C 4000 ± 0 (max)
12 Recycled sTPE, RT Recycled sTPE hot embossing, 5 min at RT 1590 ± 129

for the end-user. A full list of bonding strengths of each
of the different sTPE sealing conditions can be found in
Table 1.
It is critical to note that while Fluoroflex can with-

stand pressures of 4 bar (and likely higher), due to its
elastomeric properties (further discussed in Section 3.4)
and the low thickness (approximately 700–1000 µm) of
micropatterened sheets, some channel deformation and
bulging occurred at the higher end of testing pressures.
Thus, even if sTPE self-sealing withstands higher pres-
sures, a stiffer material, such as glass, would be more suit-
able for applications requiring pressures above ∼3 bar to
maintain the integrity of channel geometry.

2.1.3 Molding resolution

Optical profilometer measurements of micropatterned
Fluoroflex sheets showed good molding resolution (Fig-
ure 1B). sTPE sheets preserved the features of the nickel-
cobalt mold, reproducing the 70 × 70 µm channels to
within 3 µm (4.3 %) difference in both channel height and
width, likely due to minor thermal contraction after ther-
moforming inherent to thermoplastics.[54]

2.2 Solvent compatibility

Investigating Fluoroflex’s compatibility with common
organic solvents is a critical step in determining its
suitability as a flow chemistry microreactor material.
Accordingly, a study of the effects of organic solvents on

hot-embossed sheets of the sTPE was conducted. The
experimental procedure closely resembles that of Lee et al.
in their study of PDMS solvent compatibility based on
polymer swelling.[26] Micropatterned sTPE sheets were
imaged before and after 24 hours exposure to a variety of
common organic solvents. Pre and post-solvent exposure
images were analyzed and polymer swelling was quanti-
fied by using a standard percent difference evaluation to
define a “swelling ratio,” S = D2/D1, where D1 and D2 are
themeasured polymer dimensions before and after solvent
swelling, respectively. Post-solvent exposure images were
captured while the samples were still immersed in order
to avoid any potential de-swelling. A notable difference
in experimental procedure from that of Lee et al. was
the use of micropatterned polymer samples instead of
simple, unpatterned polymer pieces. Measuring polymer
dimensional changes with discrete, straight channels as
references was found to bemore precise than using sample
edges as measurement references.
Fluoroflex swelling ratios show significantly less

swelling than PDMS across the range of 26 solvents tested
(Table 2).[26] Tetrahydrofuran (THF) (S= 1.43), 2-butanone
(S= 1.44) and acetone (S= 1.43) caused the highest degrees
of swelling in Fluoroflex. Polar aprotic solvents, including
THF, 2-butanone, acetone, 1,2-dimethoxyethane and
n-methylpyrrolidone, generally produced the strongest
interactions observed, whereas polar protic solvents, such
as alcohols and amines, and non-polar solvents, such as
toluene, hexane and chloroform, produced little to no
swelling effect in Fluoroflex.
Lee et al. considered PDMS “highly soluble” and gen-

erally incompatible with pure solvents at a swelling ratio

 26884011, 2021, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nano.202000241 by U

niversity O
f M

ichigan L
ibrary, W

iley O
nline L

ibrary on [19/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



MCMILLAN et al. 1391

TABLE 2 Swelling ratios of Fluoroflex and PDMS (where,
when D1 and D2 are the polymer dimensions before and after
solvent swelling, respectively, the swelling ratio, S = D2/D1) for a
selection of common organic solvents of solubility parameters, δ, in
[joule1/2 cm–3/2].[55] Fluoroflex exhibits significantly less swelling
than PDMS. PDMS swelling ratios from Lee et al.[26]

Solvent δ SFluoroflex SPDMS
1

Pentane 14.5 1.00 1.44
Diisopropylamine 14.9 1.00 2.13
Hexane 14.9 1.00 1.35
n-Heptane 15.1 1.01 1.34
Triethylamine 15.3 1.00 1.58
Cyclohexane 16.8 1.00 1.33
1,2-Dimethoxyethane 18.0 1.27 1.32
Xylenes 18.2 1.00 1.41
Toluene 18.2 1.02 1.31
Benzene 18.8 1.00 1.28
Chloroform 18.8 1.01 1.39
Tetrahydrofuran 19.0 1.43 1.38
2-Butanone 19.0 1.44 1.21
Dimethylcarbonate 19.4 1.18 1.03
Chlorobenzene 19.4 1.00 1.22
Dichloromethane 20.3 1.03 1.22
Acetone 20.3 1.43 1.06
1,4-Dioxane 20.5 1.13 1.16
Pyridine 21.7 1.08 1.06
N-Methylpyrrolidone 22.7 1.27 1.03
Acetonitrile 24.3 1.08 1.01
1-Propanol 24.3 1.00 1.09
Dimethylformamide 24.8 1.22 1.02
Nitromethane 25.8 1.03 1.00
Ethanol 26.0 1.00 1.04
Methanol 29.7 1.01 1.02
Water 47.9 1.00 1.00

threshold of S = 1.28. Only three of the 26 solvents tested
swelled Fluoroflex to this level, as compared to the 12
solvents that produced this effect in PDMS. With eight
solvents still swelling Fluoroflex to a moderate degree
(S ≥ 1.10), Fluoroflex’s chemical compatibility is infe-
rior to glass, which undoubtedly remains the material of
choice when specific and extensive chemical resistances
are sought. However, Fluoroflex exhibits greater chemi-
cal resistance than that of PDMS and other thermoplas-
tics commonly used in microfluidic devices,[56] allowing
a broader range of chemical reactions that could be per-
formed in a polymeric device.
Solubility parameters are often used to estimate the

interactions between polymers and solvents and have been
vital in evaluating chemical compatibility of materials in

lieu of empirical observation. The first single-component
solubility parameter, introduced by Hildebrand and
Scott,[57] is an expression of a material’s cohesive energy
density, whereby solubility (or polymer swelling in a
solvent) in a two-phase system is maximized when the
two solubility parameters are equal.[27] That is to say in
this context, a solvent is more likely to swell or dissolve a
polymer if their respective solubility parameters are close
or equal to one another.
Fluoroflex’s solubility parameter was calculated from

the swelling data collected to estimate polymer-solvent
interactions of solvents not tested. However, a single-
component, Hildebrand solubility parameter model
was found to be insufficient in describing the polymer-
solvent interactions observed. For example, acetone
and dichloromethane both have a Hildebrand solu-
bility parameter of 20.2 joule1/2 cm–3/2, but acetone is
one of the highest swelling solvents (S = 1.43) whereas
dichloromethane swells Fluoroflex by only a minimal
amount (S= 1.03). It is clear that a more descriptive model
is necessary to describe the observed swelling behavior of
Fluoroflex. Charles Hansen’s three-component solubility
parameter provided greater accuracy in describing solubil-
ity interactions, accounting for separate contributions of
atomic dispersion forces, permanent dipole-dipole (polar)
forces and hydrogen bonding to the overall cohesive
energy density of a material.[55] The Hansen Solubility
Parameter (HSP) thus consists of three components, δD
(dispersion), δP (polar) and δH (hydrogen bonding), which
can be resolved to a total solubility parameter, equivalent
to the Hildebrand solubility parameter, δ, through the
relationship, δ2 = δD2+ δP2+ δH2. The three-component
HSP can be understood as a point in a three-dimensional
solubility space with a solubility radius, RO. A solvent
having an HSP that falls within the HSP sphere of another
material is then expected to produce a solubility inter-
action, whether it be miscibility in liquid-liquid cases or
dissolution/swelling in solid-liquid cases.
Iterative fitting (Data Fit of 1.00) of an HSP resulted in

an estimated Fluoroflex HSP of δ = 21.2 joule1/2 cm–3/2,
consisting of components δD = 16.5, δP = 8.9 and
δH = 9.7 joule1/2 cm–3/2, with a sphere radius of Ro = 7.5
joule1/2 cm–3/2 (Figure 2). The HSP fit containing the
smallest radius of interaction, RO, was deemed superior
and is presented above. However, it must be noted that
given the solvent swelling data set size, room for minor
variation in the final HSP exists while still maintaining a
Data Fit of 1.00. These nuances in HSP data fitting, further
discussed in the supporting information (including Figure
S2), underscore the inherent difficulties of solubility
parameter estimations, particularly in the border regions
of solubility spheres[58] and when polymer swelling, as
opposed to dissolution, is concerned.[59]
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1392 MCMILLAN et al.

F IGURE 2 Hansen solubility parameter
estimation for Fluoroflex based on polymer
solvent swelling data from Table 1: δD = 16.5,
δP = 8.9 and δH = 9.7 joule1/2 cm–3/2, with a
sphere radius of RO = 7.5 joule1/2 cm–3/2. A,
HSP sphere of Fluoroflex with center (black)
in a solubility “space,” having dispersion,
polar and hydrogen bonding dimensions. Red
points represent solvents having some
swelling effect (S > 1.02) on Fluoroflex, while
green points represent those producing no or
negligible swelling. B-D, HSP sphere with
HSP components shown pair-wise for ease of
viewing. Note that a scaling factor of two is
used for the dispersion component, δD, for
effective graphical representation of a
spherical HSP, as described by Hansen.[55]

Graphs in units of [joule1/2 cm–3/2]

This HSP should thus be used conservatively as a tool by
a potential user of Fluoroflex if using a solvent not included
in this work, or indeed a solvent mixture that exhibits a
certain HSP. Solvent blending, informed by Fluoroflex’s
HSP, could moreover be a means of mitigating the adverse
effects of the few solvents that have high swelling effects
on Fluoroflex.

2.3 Optical properties

Optical characterization of Fluoroflex was an impor-
tant step in understanding its suitability for a variety of
microfluidic applications, particularly where imaging and
irradiation (e.g., photocatalysis on-chip) are necessary.

2.3.1 UV-Vis spectroscopy

UV-Vis measurements on Fluoroflex sheets showed high
optical transparency of the material into the near UV
range, with over 50% transmission down to 334 nm (Fig-
ure 3A). This optical transparency is comparable or supe-
rior to other thermoplastics used for microfluidics, such as
PMMA[60] and PC,[61] and would allow observation and
imaging with a range of fluorescent dyes. Both UV irradia-
tion and exposure to acetone (24 hours exposure for sTPE

swelling, followed by 24 hours de-swelling in air) showed
little effect on the optical transmission of the sTPE.

2.3.2 Autofluorescence

Like some other thermoplastics used for microfluidics,[62]
Fluoroflex was found to exhibit autofluorescence. Fluo-
rescence mapping revealed peak autofluorescence at an
excitation wavelength of 370 nm (Figure 3B). This poses
limitations of the material for fluorescent imaging, partic-
ularly with excitation wavelengths in the violet and UV
ranges. Depending on the given application, this needs to
be considered when using Fluoroflex microfluidic devices.

2.3.3 Refractive index

The refractive index of a microfluidic device can be an
important property when choosing an optical imaging
setup to optimize resolution and clarity.[63,64] Fluoroflex
was found to have a refractive index of n = 1.36. Its low
refractive index compared to glass (n = 1.46) and PDMS
(n = 1.41),[65] in addition to its similarity to the refractive
index of water (n = 1.33), could be advantageous in appli-
cations involving imaging in aqueousmedia or with water-
immersion objectives.
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MCMILLAN et al. 1393

F IGURE 3 A, UV-Vis spectra of Fluoroflex samples, 1 mm in
thickness, exhibiting high optical transmission into the near UV
wavelengths. Exposure of sTPE sample to UV light and acetone
swelling had negligible effect on transmission. B, Fluorescence
mapping of Fluoroflex, showing autofluorescence in the UV and
violet excitation wavelengths with a peak at 370 nm

2.3.4 FTIR spectroscopy

While solvent swelling and UV (365 nm) exposure had
no apparent permanent effect on Fluoroflex samples,
these conditions can cause unseen degrading effects on
polymers.[66,67] To this end, FTIRmeasurementswere con-
ducted to investigate any structural changes that could
occur in Fluoroflex as a result of material swelling and
UV exposure. FTIR spectra showed no significant changes
across the range of UV and acetone-exposed samples
(Figure S3), suggesting no material structural alterations
occurred as a result of these conditions.

2.4 Mechanical and surface properties

2.4.1 Tensile testing

Basic mechanical testing was performed on Fluoroflex to
determine general mechanical behavior and quantify the

elastomeric properties that can be important in informing
material fabrication and deformability. In tensile strength
testing (from 0% strain to specimen rupture), the material
shows two different regions of deformation (Figure 4A).
The change in behavior takes place between approximately
40% and 70% strain, beyond which the material exhibits
lower stiffness. Tensile strength analysis focused on strain
levels under 20%, as high levels of strain are not expected
during the use of Fluoroflex as a microfluidic device. For
this range of deformation, the mechanical behavior of
this material is not entirely linear elastic, with decreased
stiffness at higher strain levels, resulting in a mean elastic
modulus of 4.75 ± 0.22 MPa and 3.75 ± 0.17 MPa (mean
± standard deviation; n = 10) for strains of ϵ < 5% and
ϵ < 20%, respectively (Figure 4B). This tensile stiffness is
the same order of magnitude as that of PDMS, which is
most often in the range of ∼1–3 MPa.[68–70] This relatively
low stiffness eases demolding and is critical for reliably
creating conformal contact between sTPE layers for bond-
ing, in contrast with hard thermoplastics, having stiffness
in the order of giga pascals.[46] Fluoroflex samples were
taken to rupture and exhibited 434% ± 44% elongation at
break.

2.4.2 Surface wetting

Contact angle measurements were made to understand
the solid-liquid surface behavior of Fluoroflex. Surface
wetting properties can be imperative in anticipating
and manipulating precision microfluidic flow control,[71]
particularly in multiphase flow.[72–75] Goniometer mea-
surements of water and diiodomethane on Fluoroflex
sheets showed hydrophobic surface behavior of Fluo-
roflex (θWater = 105.0 ± 1.2◦, θDiiodomethane = 64.9 ± 0.7◦;
n = 5) (Figure S4a–b). Exposure of samples to acetone
prior to contact angle measurements had negligible effect
on the sTPE surface wetting properties (θWater = 105.1 ±
0.8◦, θDiiodomethane = 64.6 ± 1.3◦; n = 5). The two-
component surface energy of Fluoroflex was determined
through the Fowkes method [76] to be purely disper-
sive (σFluoroflex = 25.6 mJ m–2). This wetting behavior and
low surface energy characteristics are close to those of
PDMS.[77] This could permit the use of well-documented
PDMS surface wetting behavior as an analog to inform and
evaluate microfluidic flow in Fluoroflex devices.

2.4.3 Surface roughness

Atomic force microscopy (AFM) surface roughness eval-
uations of Fluoroflex revealed that pristine sTPE sheets
hot embossed between silicon wafers (wafer roughness
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1394 MCMILLAN et al.

F IGURE 4 A, The tensile stress-strain curve of a Fluoroflex sample taken to rupture at ∼450% strain, showing two distinct regions of
stiffness. Higher stiffness was measured in strains up to ∼40% before a transition to lower stiffness above ∼70% strain. B, Zoom of the
Fluoroflex stress-strain curve for a strain of 0%–20%, with linear fits for ϵ < 5% and ϵ < 20% (both in red) approximating the mean tensile
modulus for these strain ranges

RRMS = 1.6 ± 1.0 nm; mean ± standard deviation, n = 9
images of one wafer) had a roughness of RRMS = 5.7 ±
3.1 nm (n = 20 images, two sTPE sheets). Swelling and
subsequent de-swelling of Fluoroflex in acetone showed
a statistically insignificant effect on surface roughness
(RRMS = 4.3 ± 2.0 nm; n = 19 images, two sTPE sheets;
ANOVA: F(1, 37) = 3.07, P = 0.09), with no evidence of
surface cracking or degradation after material swelling.
It must be noted that sTPE sample microfabrication was
not conducted in a cleanroom, thus a slight decrease in
sTPE surface roughness after acetone exposure could be
the result of the cleaning effects of solvent submersion on
surface contaminants. An important contribution in the
total roughness comes from isolated defects, such as hills
or pits, in the sTPE sheets. In defect-free regions the rough-
ness can be as low as RRMS = 1.6 nm, which can be consid-
ered as a lower limit for the surface roughness of Fluoroflex
sheets. The surface roughness achievable with Fluoroflex
is sufficiently low (< 1% relative roughness) as to be con-
sidered smooth on a microfluidic scale, having a negligi-
ble effect on flow resistance.[78–80] A surface roughness of
5.7 nm in a 50 µm (diameter or width and height) microflu-
idic channel, for example, represents a relative roughness
of∼0.01%.Maintaining low surface roughness inmicroflu-
idics also has broader implications in facilitating reliable
device bonding[47,81,82] and high optical clarity[83,84] in
thermoplastics. Roughness analyses suggest that the lim-
iting factor in achieving good molding reproduction of
surface topography with surface roughness below 10 nm
would depend on the roughness of the master mold and
not on any roughness inherent to the material itself or
resulting from the hot embossing process. AFM topogra-
phy images can be found in Figure S4c–f.

2.5 Absorption and oxygen permeability

2.5.1 Small molecule absorption

PDMS has been well documented in absorbing a variety
of drug and dye compounds, which can have a significant
impact on experimental outcomes.[85] For an evaluation of
small molecule absorption of Fluoroflex, a rhodamine B
absorption assay was conducted to compare the sTPE to
PDMS in this respect. Fluoroflex and PDMS microchan-
nels were filledwith an aqueous rhodamine B solution and
left to incubate for 24 hours at room temperature before
being imagedwith a fluorescentmicroscope. The channels
were then thoroughly rinsed with DI water before being
imaged again. In comparison to PDMS, Fluoroflex exhib-
ited minimal residual fluorescence after rinsing, and no
observable absorption into the bulk of thematerial through
the channel walls (Figure 5), a favorable property for appli-
cations as a microreactor.

2.5.2 Oxygen permeability

The presence of oxygen, or lack thereof, can be
a critical factor in both biological and chemical
experimentation.[86,87] Thus, quantifying the degree
to which a given material permits the flux of oxygen
from ambient air into a sealed microfluidic channel is of
high importance. The oxygen permeability of Fluoroflex
was found to be 4.04 ± 0.79 Barrer (mean ± standard
deviation) compared to a permeability of 563.5 ± 12.1
Barrer of PDMS. The oxygen permeability of PDMS found
experimentally is on the lower end of values reported in
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MCMILLAN et al. 1395

F IGURE 5 Rhodamine B absorption
analysis in PDMS and Fluoroflex
microchannels measuring 400 µm (width) x
55 µm (height). Fluorescent images of (A)
PDMS and (B) Fluoroflex channels
containing 100 µm Rhodamine B in water
after 24 hours incubation. Images (C) and (D)
show the same PDMS and Fluoroflex
channels, respectively, after rinsing with DI
water with corresponding fluorescence
intensity line profiles across the PDMS (E)
and Fluoroflex (F) channels, where the black
and red lines correspond to the normalized
intensity of the channels pre and post rinsing,
respectively

literature,[88,89] but still represents an oxygen permeability
more than two orders of magnitude greater than that of
Fluoroflex. As compared to PDMS, this provides greater
opportunity for the sTPE to be used as a microreactor
for oxygen-sensitive chemical reactions or where oxygen
concentrations or gradients on-chip must be controlled.

2.6 Modular droplet generation

The fast, room temperature self-sealing property of Fluo-
roflex enables the use of sealed microdevices mere min-
utes after assembly. At the same time, the reversibility of
the bonding allows for the removal, adjustment and reuse
of individual sTPE pieces. By leveraging these characteris-
tics, devices can be easily configured and reconfigured by
combining discrete microfluidic components, or modules.
To this end, a modular sTPE device for droplet generation
was fabricated to demonstrate the simplicity and utility of
device modification thanks to fast self-sealing. The mod-

ular device consisted of a hot-embossed sTPE baseplate,
or manifold, containing designated spaces on its surface
to host individual microfluidic modules. Holes punched
in one layer of the baseplate allowed fluid connections
betweenmodules and the device inlets and outlets through
a simple network of sealed channels (Figure S5).
The modular device initially contained two micropat-

ternedmodules: a simple straight channel and aT-junction
droplet generator, both bonded at room temperature to the
surface of the baseplate (Figure 6A). Water was pumped
through the straight channel (250 µmwidth) to the 100 µm
T-junction, where droplets of approximately 90 µm in
diameter were formed in a continuous phase of toluene
(Figure 6B). The sTPE exhibited no deformation or leaking
caused by the toluene, a solvent that readily swells PDMS.
The T-junction module was then manually removed and
a larger T-junction module (250 µm) was put in its place
(Figure 6C). Within minutes, droplets of approximately
140 µm were generated with the new T-junction module
without altering any other fluidic connections or pressure
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1396 MCMILLAN et al.

F IGURE 6 Modular microfluidic device
based on sTPE room temperature self-sealing.
A, Modular sTPE device consisting of an
sTPE baseplate and two microfluidic modules
(a straight channel, right, and a T-junction
droplet generator, left) bonded to the surface
of the baseplate. Connectors were fixed to the
baseplate with UV curing glue to allow
microfluidic tubing interfacing. Using a
100 µm T-junction first, water droplets of
approximately 90 µmwere generated in a
continuous phase of toluene (B). The 100 µm
T-junction module was then removed with
tweezers (C) and replaced with a larger,
250 µm T-junction module, with which
droplets of approximately 140 µmwere
generated (D). Reconfiguration of the device
with the second T-junction module was
completed in a matter of minutes thanks to
the fast and reversible room temperature
self-sealing of Fluoroflex

control settings (Figure 6D). Next, the straight channel was
replaced with a co-flow Y-channel module, allowing the
droplet phase to contain the mixture of two fluids instead
of one. To demonstrate this, fluorescent droplets were gen-
erated using an aqueous rhodamine B solution (100 mm)
from one inlet and pure DI water from the second inlet
(Figure S5f-h). Other conceivable adjustments would be
adding a subsequent module in series, downstream of the
droplet generation to increase residence time for droplet
viewing, mixing, etc. Extensions of increasingly complex
liquid manipulation, with or without droplets, becomes
possible by considering awide variety ofmodules. The only
constraint for the modules is that they are designed to fit
the dimensions of the baseplate fluid connections. Accord-
ingly, the quick self-sealing properties of Fluoroflex would
permit true “plug-and-play” operation, effective for rapid
prototyping and device optimization – similar to electronic
bread boards.
In combination with Fluoroflex’s straightforward and

transferrable thermoplastic fabrication method, a modu-
lar device platform gives scope for the development of the
large-scale industrialization of standardized microfluidic

devices both in terms of device production and ease of
use.[90]

3 CONCLUSION

This study introduces a new fluorinated soft thermoplas-
tic elastomer, Fluoroflex. The sTPE can be micropatterned
in 30 seconds with high fidelity by hot embossing using
standard microfluidic molds. Fluoroflex exhibits a spon-
taneous cohesive property upon conformal contact, allow-
ing it to be simply sealed to itself at room temperature or
with bakingmeasures in order to assemble closed-channel
microfluidic devices. This self-sealing eliminates the need
for plasma surface activation, adhesives or other process-
intensive bonding procedures commonly used to seal
microdevices. The resulting sTPE self-bonding is reversible
and canwithstand pressures up to∼2.8 bar with room tem-
perature sealing and at least 4 bar with baking, determined
through pressure delamination testing. Its room temper-
ature bonding strength was found to increase with time,
even after achieving a bonding strength of ∼1.4 bar after
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MCMILLAN et al. 1397

only 5 minutes. The ease of sTPE device fabrication and
material recyclability sharply contrasts with device micro-
fabrication using other commonmaterials, and lends heav-
ily to its accessibility and scope for transferability across
manufacturing scales. This is a critical consideration with
respect to potential device commercialization and indus-
trial implementation.[91]
Fluoroflex’s solvent compatibility was determined

to exhibit good solvent resistance to a range of com-
mon organic solvents. While falling short of the solvent
resistance of glass or pure PTFE, it represents a marked
improvement over other polymeric materials used for
microfluidics, such as PDMS, PC and PMMA. In addition
to more comprehensive solvent resistance, glass would
also be more suitable for high pressure/high temperature
applications.
We also characterized a range of Fluoroflex’s material

properties pertinent to its use as a microreactor. Namely,
it was found to be optically transparent down to the near-
UV range, have hydrophobic surface behavior, low surface
roughness (∼5 nm), oxygen gas permeability two orders of
magnitude lower than that of PDMS and a mean elastic
modulus of 3.75 MPa (ϵ < 20%).
Finally, droplet generation was conducted in a Fluo-

roflex device to demonstrate the use of an organic solvent
in a precision microfluidic context. The device showcased
the fast, reversible self-sealing of the sTPE, allowing for
discrete microfluidic components to be interchanged in
a “modular” system. Combined with the ease and acces-
sibility of device fabrication, this could allow for rapid
prototyping or “plug-and-play” functionality of chemical
microreactors.
To our knowledge, this is the first fluorinated thermo-

plastic that can be rapidlymicropatterned and exhibits self-
sealing upon conformal contact. We believe it represents
a combination of material properties and processing sim-
plicity of broad interest to themicrofluidics and flow chem-
istry communities.

4 EXPERIMENTALMETHODS

4.1 sTPE hot embossing and sealing

The nickel-cobalt master mold (Eden Tech SAS, Paris,
France) contained a network of serpentine channels
(70 µm width, 1:1 aspect ratio). The dry film photoresist
molds contained various microchannel designs and were
fabricated usingOrdyl SY 300 dry film negative photoresist
(55 µm thickness, ElgaEurope s.r.l., Milan, Italy) laminated
on 75× 50mmborosilicate glass slides (Corning Inc., Corn-
ing, USA) as described previously.[92] sTPE hot embossing
was performed with a DC8manual heat press (Geo Knight

& Co Inc., Brockton, MA, USA). Both the top and bottom
heated plates of the press were heated to 220◦Cbefore plac-
ing the mold-sTPE-counter-plate assembly on the lower
heated plate. The upper heated plate was brought into con-
tact with the assembly and was left for 15 seconds to heat
the assembly under no supplementary pressure. Approxi-
mately 5 bar of pressurewas applied to the assembly via the
lever armof the upper heated plate. Sealing of sTPEdevices
by baking was conducted in a DKN612C forced convection
oven (Yamoto Scientific Co. Ltd., Tokyo, Japan).

4.2 Delamination testing

The inlet of the delamination devices was interfaced with
a microfluidic circuit via PTFE tubing (1/16″ OD, 1/32″
ID) using a compression-based chip holder (Eden Tech
SAS, Paris, France). The pressure sequence was imple-
mented using anOB1MK3+ pressure controller (0–8000±
0.5 mbar, Elveflow, Elvesys SAS, Paris, France). Delam-
ination of the 1 mm gap bond was accompanied by the
flow of water from the previously dead-end inlet chan-
nel across the gap and into the device’s outlet channel
before exiting the device entirely via the second punched
hole. Accordingly, an in-line flow sensor (MFS3, -80–80 µL
min–1 ± 5% m.v., Elveflow, Elvesys SAS, Paris, France) was
used to determine the precise moment at which delamina-
tion occurred (indicated by a non-zero flow rate). A more
detailed description of the delamination device design
and a similar pressure testing setup has been previously
described.[92] Pressure testingwas conducted on devices in
sets of n = 5 devices.

4.3 Optical profilometry

Measurements were done using a Wyko NT9100 (Veeco
Instruments Inc., Plainview, NY, USA) on sTPE sheets pat-
terned with serpentine microchannels using the nickel-
cobalt master mold described above. Measurements were
also taken of the master mold itself for comparison.

4.4 Solvent testing

The above-described nickel-cobalt master mold was used
to hot emboss sTPE sheets of approximately 1 mm thick-
ness with channels of 70 µm width and depth, which
were then cut with scissors into discrete pieces. Micropat-
terned sTPE pieces were imaged using a stereoscope
(Leica DMS300, Leica Microsystems Inc., Buffalo Grove,
IL, USA) and the orthogonal distances between the par-
allel microchannels edges on each piece were measured
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1398 MCMILLAN et al.

through image analysis (FIJI[93]). After imaging, the sTPE
pieces were placed in containers of 26 common organic
solvents (standard laboratory grade ≥ 95%, Sigma-Aldrich,
St, Louis, MO, USA) and water (n = 5 pieces per solvent)
and left at room temperature for 24 hours under complete
immersion. Each piece was subsequently reimaged while
remaining immersed in the solvent, and the distances
between the microchannels were again measured through
image analysis. The pre solvent-exposure dimensionsmea-
sured were approximately 6.6 mm on the polymer sheets,
and post solvent-exposure distances varied depending on
the level of swelling exhibited by the polymer. PDMS sam-
ples (SYLGARD 184, Dow Inc., Midland, MI, USA) were
prepared and tested in the same manner with a few sol-
vents to validate the coherence of swelling data in litera-
turewith swelling data obtained through this experimental
method.
Fitting of a Hansen Solubility Parameter (HSP) for

Fluoroflex followed the standard iterative method devel-
oped by Charles Hansen.[55] Solvents were designated as
“swelling” (S > 1.02) and “non-swelling” solvents based
on solvent swelling observations. An initial estimate of the
HSP of Fluoroflex with radius, RO, was made based on the
average HSP values of all the swelling solvents. A quality-
of-fit was evaluated based on the location of the swelling
and non-swelling solvent HSPs in relation to the polymer
HSP solubility sphere initial estimate, whereby an error in
the fit was denoted by a swelling solvent falling outside of
the estimatedHSP sphere or a non-swelling solvents falling
inside of the sphere. More specifically, the error value is
equal to the distance between the erroneous solvent and
the edge of the HSP sphere. That is,

𝐸𝑅𝑅𝑂𝑅 𝐷𝐼𝑆𝑇𝐴𝑁𝐶𝐸 = 𝑅𝑜 − 𝑅𝑎 (1)

For non-swelling solvents inside the estimated sphere
and,

𝐸𝑅𝑅𝑂𝑅 𝐷𝐼𝑆𝑇𝐴𝑁𝐶𝐸 = 𝑅𝑎 − 𝑅𝑜 (2)

For swelling solvents outside of the estimated sphere,
where Ra denotes the distance between the sphere center,
(δD1, δP1, δH1), and a given solvent’s HSP, (δD2, δP2, δH2),
from literature:[55]

𝑅𝑎 =

√
4(𝛿𝐷2 − 𝛿𝐷1)

2
+ (𝛿𝑃2 − 𝛿𝑃1)

2
+ (𝛿𝐻2 − 𝛿𝐻1)

2

(3)
The constant, 4, in the equation was found to be appro-

priate in representing solubility data as a sphere.[55] The
method uses a quality-of-fit function called the “Desirabil-
ity Function,”[94] where the data fit is calculated as,

𝐷𝑎𝑡𝑎 𝐹𝑖𝑡 = (𝐴1 ∗ 𝐴2 ∗ … ∗ 𝐴𝑛)
1∕𝑛 (4)

When,

𝐴𝑖 = 𝑒−(𝐸𝑅𝑅𝑂𝑅 𝐷𝐼𝑆𝑇𝐴𝑁𝐶𝐸) (5)

Swelling solvents falling inside of the sphere, as well
as non-swelling solvents falling outside of the sphere,
contributed to a Data Fit of 1.00 (no error), with fitting
iterations aimed at optimizing this case given the exper-
imental swelling data recorded. Subsequent iterations
of Fluoroflex’s three HSP components and RO were
performed in order to maximize the data fit toward 1.00.

4.5 Optical characterization

All optical characterization was performed on sheets of
pristine, un-patterned Fluoroflex hot embossed between
two silicon wafers (University Wafer Inc., South Boston,
MA, USA). Sheets of 1.5 mm thickness were cut with scis-
sors to the desired sample size for each of the following
optical characterization procedures.

4.6 UV-vis spectroscopy

Absorption spectra (200–800 nm) of pristine sTPE sam-
ples were measured with a Lambda 950 spectrophotome-
ter (PerkinElmer Inc., Waltham, MA, USA). A second set
of UV-Vis measurements were performed on samples that
had been exposed to UV light (365 nm; 70 mW cm–2 for
8 hours, or 2016 J cm–2) using aUVChamber (UWAVE, Les
Ulis, France). A positive control for swelling was evaluated
to determined shifts in spectra post-swelling. Fluoroflex
samples were immersed in acetone for 24 hours at room
temperature, and then allowed to de-swell for 24 hours
prior to measurements being taken.

4.7 Refractometry

The refractive index of pristine Fluoroflex samples was
measured with an Abbe 5 refractometer (Bellingham +

Stanley Ltd., Kent, UK).

4.8 Fluorescence spectroscopy

Autofluorescence measurements (λexc = 250–600 nm;
λem = [λexc+30]–800 nm) were conducted on pristine
Fluoroflex samples using an Edinburgh FLS908 spec-
trometer (Edinburgh Instruments Ltd., Livingston, UK).
A MATLAB script (The MathWorks, Inc., Natick, Mas-
sachusetts, USA) was used to plot an autofluorescence
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excitation/emission heat map across the range of wave-
lengths tested.

4.9 FTIR spectroscopy

Transmissionmeasurementswere performed on solid pris-
tine Fluoroflex samples (in the range of 4000–400 cm–1

using a Nicolet iS 5 FTIR spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The FTIR spectra were
compared to those measured of both UV-exposed (1, 2, 4
and 8 hours exposure time) and acetone-exposed samples
investigate the effect ofUV irradiation and solvent swelling
on the material composition.

4.10 Tensile testing

Mechanical characterization consisted of uniaxial tensile
tests. All tests were performed with an INSTRON 5848
microtester (INSTRON, Norwood, MA, USA). Dog-bone
samples of approximately 20 mm length and 2 × 2 mm
cross section were fabricated by pressing sTPE pellets
into laser-cut stainless-steel molds using the same hot
embossing parameters as described above. A controlled
traction displacement of 1 mm min–1 was applied (from
0 to specimen rupture). In the range of interest (0%–20%
strain), no reduction in the cross-sectional area of the
specimen was assumed to calculate stress and subsequent
elasticmodulus usingHooke’s law. The test was performed
in ten different specimens of 19.73 ± 1.65 mm in length
(mean ± standard deviation) and 2 × 2 mm cross-section.

4.11 Contact angle

Measurements were performed using the pendant drop
method. Water and diiodomethane droplets were dis-
pensed onto the surface of pristine sTPE sheets hot
embossed between two silicon wafers, as well as onto
acetone-exposed sTPE sheets. The droplets were imaged
and analyzed using a CAM 200 contact angle goniometer
(KSV Instruments, Helsinki, Finland).

4.12 Atomic force microscopy

Fluoroflex sheets of 1 mm thickness were hot embossed
between two silicon wafers and topographic images of 6 ×
6 µm, 4 × 4 µm and 2 × 2 µm of the sheets were recorded
in tapping mode with a PicoSPM 5100 scanning probe
microscope (Agilent Technologies, Santa Clara, CA, USA).
Additional imaging was performed on sTPE sheets after

acetone swelling and de-swelling, as well as one of the
silicon wafers used for hot embossing. Measurements
were taken in ambient conditions using silicon cantilevers
(AC160TS-R3, Olympus Corporation, Tokyo, Japan) with
resonance frequency around 300 kHz and spring constant
around 26 N m–1, and subsequent roughness analyses
were conducted with WSxM 5.0 software.[95] A one-way
analysis of variance (ANOVA) was conducted to evaluate
statistically significant variation in surface roughness
between pristine and acetone-swelled sTPE samples,
where variation was considered significant when P < 0.05.

4.13 Rhodamine B absorption

Microfluidic devices consisting of a simple channel of
400 µm width and 55 µm height were fabricated in Flu-
oroflex using an Ordyl master mold and the hot emboss-
ing and self-sealing procedure described above. The same
mold was used to fabricate PDMS devices. Liquid PDMS
base (SYLGARD184, Dow Inc., Midland, MI, USA) was
mixed with crosslinker at a ratio of 10:1 (base:crosslinker)
then degassed under vacuum for 20 minutes. The mix-
ture was poured atop the master mold and baked at 80◦C
for 2 hours. PDMS devices were removed from the mold
and cut, then 1.5 mm holes were punched with a biopsy
punch at device inlets and outlets. Devices were bonded
to borosilicate glass microscope slides (76 x 26 mm, 1 mm
thickness, Thermo Fisher Scientific, Waltham, MA, USA)
by making conformal contact with the PDMS surface
after plasma treatment with a plasma cleaner (PDC-002,
200 mTorr, 30 W, 2 minutes, Harrick Plasma, Ithaca, NY,
USA). Devices were left on a hot plate at 120◦C for 30 min-
utes to complete the fabrication process. Rhodamine B dye
(100 µm in water, Sigma-Aldrich, St. Louis, MO, USA) was
loaded by syringe into both a Fluoroflex and PDMS chan-
nel and left to incubate in ambient conditions for 24 hours.
Devices were then imaged with a fluorescent microscope
(Zeiss Axio Observer Z1, Carl Zeiss AG, Oberkochen,
Germany) and subsequently flushed continuously with DI
water for 10 minutes, after which devices were re-imaged.
Images were analyzed using FIJI.[93]

4.14 Oxygen permeability

Fluoroflex films of approximately 200 µm thickness were
fabricated by hot embossing sTPE pellets between two
metal plates for 30 seconds. PDMS films (SYLGARD 184,
10:1 [base:crosslinker]) of approximately 115 µm thickness
were spin coated using an initial 10-second step at 500 rpm
and a subsequent 30-second step at 800 rpm with 300 rpm
s–1 acceleration (Spin 150 spin coater, SPS-Europe B.V.,
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Putten, The Netherlands) followed by baking for 2 hours
at 80◦C. The oxygen pure gas permeability of Fluoroflex
and PDMS films was measured using a custom-made
high-throughput gas separation (HTGS) setup, as previ-
ously described.[96–98] The active membrane permeation
area was 1.91 cm2 per coupon. A constant-volume-varying-
pressure method was applied to determine the oxygen
permeability. Permeate gas was accumulated in a 75 cm3

measuring cylinder and the change in pressure inside
the cylinder was monitored by a pressure sensor (MKS
Baratron, MKS Instruments, Munich, Germany) as a
function of time (dp/dt). Permeability of the gas is then
calculated with equation 6:

P𝑂2 = 1010 ×
V × Vm × L

pup × A × R × T
×
dp

dt
(6)

where PO2 is the oxygen gas permeability (Barrer), V is
the downstream volume (75 cm3), Vm is the molar vol-
ume (22.414 L mol–1), A is the membrane permeation area
(1.91 cm2), L is themembrane thickness (µm), T is the oper-
ating temperature (K), pup is the upstream pressure (bar),
R is the gas constant (0.082 L atm mol–1 K) and dp/dt is
the pressure change (Torr s–1). Permeabilitymeasurements
were conducted at 6 bar feed pressure and 35◦C.

4.15 Modular droplet generation

All sTPE sheets were hot embossed using the same param-
eters as above (220◦C for 30 seconds) using molds made
from Ordyl dry film photoresist on glass slides. The base-
plate (approximately 75 × 25 mm in size) consisted of one
sTPE sheet hot embossed with channels measuring 110 ×
500 µm (height × width) bonded to a featureless sTPE
sheet. Holes were punched in the micropatterned sheet
at the ends of each of the channels for tubing interfacing
and fluid connections between modules. PEEK NanoPort
assemblies, including perfluoroelastomer (FFKM) gaskets
(N-333, Darwin Microfluidics, Paris, France), were fixed to
the top of the baseplate with Loctite 3106 UV curing glue
(CureUV, Delray Beach, FL, USA), cured with 30 seconds
of UV exposure using a Scangrip UV-PEN (25 mW cm–2,
390–400nm; SCANGRIPNorthAmerica Inc., Atlanta,GA,
USA). Individual modules (17 × 25 mm) were placed in
conformal contact with the baseplate top surface in align-
ment with the appropriate baseplate channels and holes
for bonding at room temperature. All modules had chan-
nels 110 µm in height. 1/16″ OD PTFE tubing was used
to interface the modular device with reservoirs of deion-
ized water and toluene (≥ 95%, Sigma-Aldrich, St, Louis,
MO, USA), pumped using an OB1 MK3+ pressure con-
troller (0–2000 ± 0.1 mbar, Elveflow, Elvesys SAS, Paris,

France). Droplet generation was imaged using a Pixelink
PL-D725CU camera (Pixelink, Ottawa, Canada) on a Zeiss
Axio Observer Z1 microscope (Carl Zeiss AG, Oberkochen,
Germany) and images were analyzed using FIJI.[93]
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