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Abstract
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Many microfluidic applications demand control over channel cross-sectional geometry. In
particular, rounded microchannels are essential to the function of microfluidic valves, which
have played an integral part in the success of microfluidics over the past fifteen years. Here we
investigate the relative strengths and weaknesses of different strategies for fabricating rounded
microchannels in PDMS, systematically examining five common strategies. We consider the
appropriateness of the fabrication strategies for microchannels of differing sizes and aspect
ratios, and evaluate these various strategies on a number of metrics ranging from microchannel
resolution to fabrication difficulty. We discuss the merits of the different strategies for a range
of applications, and make recommendations on which strategy to use based on the driving

constraints of the device.
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Introduction

In microfluidics, standard photolithographic techniques pro-
duce vertical sidewalls, yielding channels with rectangular
cross sections. Such microchannels may be appropriate for
a number of applications, but they pose extreme challenges
in other areas, such as modeling vascular networks [1-3] and
optofluidics [4-6], to name just a few examples. Consequently,
one often wants control over the cross-sectional geometry of
the microchannel.

Channel shape is perhaps most critical in the case of
microfluidic valves. Given two perpendicularly oriented
microchannels that are slightly offset in the vertical dimension
(so that only a thin membrane separates them), pressur-
izing one channel causes a deflection of the membrane into
the second channel such that flow in the second channel is

0960-1317/16/115013+10$33.00

impeded (see figure 1). In this way, the flow within a micro-
channel can be modulated by the flow within a different,
independent microchannel. First reported in 2000 by Unger
et al [7], microfluidic valves enable interactions between two
disconnected microchannels. In that work, the authors demon-
strate the capabilities of their valve by creating an elastomeric
peristaltic pump. In 2002, Thorsen et al [8] expanded this work
to address large-scale integration, opening the doors to micro-
fluidic multiplexors in which thousands of microchannels can
be controlled with only a few inputs. Later work also looked
at using these valves to make other pumps [9] and mixers
[10]. Additionally, microfluidic valves have become integral
in biological automation [11], cell sorting [12], and protein
separation [13]. They have been used to perform multiplexing
[14] and, more recently, in digital fluidic logic, creating com-
plex devices such as oscillators and shift registers [15].
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Figure 1. Sketches of the operation of a microfluidic valve with (a) rectangular microchannels and (b) rounded microchannels. The control
channel (red) is pressurized, which deflects the membrane and closes the flow channel (blue). Flow in (a) the rectangular microchannel is
only partially stopped, while in (b) the rounded microchannel it is completely stopped.

There are a number of important parameters in the design
of an effective microfluidic valve. As discussed in Studer ef al
[16], membrane thickness, whether the valve is push-up or
push-down, channel aspect ratio, and general scaling proper-
ties are all crucial considerations. But most fundamental to
the basic functionality of a microfluidic valve is the channel
profile. If a microchannel has a rectangular cross section,
the deflected membrane cannot fully collapse into the sharp
corners, and flow will not be stopped. A number of groups
have looked at modeling valve closure mechanics, and have
identified the most promising cross-sectional geometries
[7, 17-21]. These papers unanimously agree that a channel
with rounded corners is necessary for complete valve closure.
The difference in valve operation between rectangular micro-
channels and rounded microchannels can be seen in figure 1.

Previous studies have already identified and analyzed the
ideal channel shape; in this work, we are interested in the
fabrication strategies that best produce that shape. In that
regard, a number of techniques have been proposed. The first
microfluidic valves were fabricated by molding off of masters
that were made with a positive photoresist. When heated to
an elevated temperature, the positive photoresist reflows, cre-
ating rounded features [7]. This technique has been adopted
by a number of later groups [22—24], and has garnered enough
attention to merit a systematic characterization of the method
[18]. However, there are a number of challenges associated
with this method, such as the relatively low chemical and
thermal stability of many positive photoresists compared
to more robust alternatives [25, 26]. Particularly, some of
the most common positive photoresists (e.g. SPR 220) fail
to integrate well with some of the most common negative
photoresists (e.g. SU-8), so even using positive photoresists
only for the valves becomes impractical [27]. Consequently,
researchers have investigated alternative fabrication strategies.
3D printing microfluidic molds was first suggested long ago
[28], and now researchers are directly printings microfluidic
networks [29]; a recent review presents an updated analysis

of this fabrication technique [30]. Some researchers have cre-
ated rounded microchannels by exposing photoresist through
the backside of a glass wafer with diffuse light [17], using an
inflated PDMS membrane as a mold [21], and spin coating
a second layer of photoresist to exploit capillarity [27]. Yet
others have relied on gray-scale photolithography [31-34],
the surface tension of PDMS [35, 36], laser micromachining
[37], removal of a cylindrical element [38—43], femtosecond
laser pulses [5, 6] and more.

In this paper we examine in detail five techniques most
applicable to the fabrication of microfluidic valves. We do so
by fabricating microfluidic channels of the same dimensions
with the five different techniques, and systematically catalog
the variations. In doing so, we provide a direct comparison
between these different techniques. The most important
evaluation parameter is whether a given technique is able to
achieve a rounded microchannel; we determine the quality of
the microchannel shape by building example valves and meas-
uring their performance. After considering the cross-sectional
geometry of the channels, we evaluate each fabrication strategy
on a number of additional metrics, which are described in the
next section.

Design of experiments

The fabrication strategies were evaluated on microfluidic chan-
nels of varying dimensions, which can be seen in figure 2. Target
channel heights were 10 and 50 ym and target channel widths
were 50, 100, and 250 pm, resulting in six distinct channel
geometries with aspect ratios ranging from 1:1 to 1:25. (Note
that these values intentionally challenge commonly accepted
channel aspect ratio limits [44]. We are interested in how the
various fabrication strategies perform not only in conservative
microfluidic device designs, but in aggressive designs as well.)

For each fabrication strategy, we altered one key parameter
to determine the sensitivity of the technique; in particular, we
investigated three variations of each strategy. For five fabrication
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strategies with three parameter variations and six different
channel dimensions, this equates to ninety unique channels to
be compared (in addition to the six control channels).

Evaluation of the various fabrication strategies is not lim-
ited to the resultant channel cross-sectional geometry (i.e. how
well the strategy can produce rounded channels). In addition,
we consider resolution (i.e. the size limit of features that can
be made), dimension mapping (i.e. the correlation between
design dimensions and actual device dimensions), fabrication
time (both active and passive), fabrication difficulty (i.e. the
amount of skill required and how tightly the process must be
controlled), and process prohibitiveness (including such fac-
tors as the cost of necessary equipment, and the toxicity of
chemicals involved).

Methods

All strategies but one rely at least in part on the soft lithog-
raphy process [45]. In this process, a poly(dimethylsiloxane)
(PDMS) device is molded from a master that is (typically)
fabricated using photolithography. To make a master, a photo-
sensitive polymer (i.e. photoresist) is poured onto a substrate
(typically a silicon wafer). When spun at high speeds, the
photoresist coats the substrate evenly at a controllable thick-
ness. After spin coating, the photoresist is exposed to a UV
light source through a photomask, effectively transferring the
pattern from the photomask to the photoresist. Upon being
placed in a developing solution, the photoresist is selectively
removed, leaving only the desired pattern. After surface treat-
ment to prevent sticking, the photolithographic master can
now be used to mold PDMS devices that will have the inverse
structure of the master.

For each method involving photolithography, we used pho-
tomasks that were custom fabricated from a thin (12.7 pm)
UV-impenetrable, polyimide film (Kapton, DuPont USA) cut
on a diode-pumped solid-state laser (see supplemental infor-
mation for additional details (stacks.iop.org/IMM/26/115013/
mmedia)).

Control

Control devices were fabricated using the standard soft lithog-
raphy process. Three inch, (1 00), virgin test grade, boron
doped, p-type silicon wafers (ID:447, University Wafer) were
used as the substrate. The 10 pym channels were fabricated
with SU-8 2010 (MichroChem Corp.) while the 50 pm chan-
nels were fabricated with SU-8 2050 (MichroChem Corp.).
Exposure was performed using a MAS 500 IR/VIS Mask
Alignment and Exposure system, with a measured exposure
power of 21.9 mW cm~2 at 365 nm. For development, we used
SU-8 Developer (MichroChem Corp.). For surface treatment,
the silicon wafers were exposed to silane (trichloro(1H, 1H,
2H, 2H-perfluorooctyl)silane, Sigma-Aldrich) vapor in a des-
sicator. See supplemental information for details on the exact
fabrication parameters.

After silanizing the wafers overnight, we poured PDMS
(Sylgard 184, Dow Corning) that had been mixed in a 10:1

ratio (base:curing agent) over the wafers, degassed under
vacuum to remove bubbles, and cured. Curing was typically
done at 60 °C for at least four hours, although occasionally we
cured at higher temperatures (up to 70 °C) for shorter dura-
tions to enable faster process iteration.

Once cured, the PDMS was removed from the wafer and
manually cut with a razor blade into thin (approximately
2 mm) slices to view the cross section of the channels. We used
a confocal microscope (Olympus LEXT OLS4000, Olympus
Corporation) to evaluate the channels and take dimensional
data, while we used a scanning electron microscope (SEM) to
take the images that are presented in this paper.

Except where noted, all of the strategies tested use the
same fabrication procedure as has been described for the con-
trol devices.

Reflow of positive photresist (+PR)

Perhaps the most common method to achieve rounded micro-
channels is to reheat a developed photoresist pattern slightly
beyond its melting temperature such that the photoresist begins
to flow. Surface tension causes the corners of the device to
round, changing the cross-sectional geometry of the device to
a new shape that is retained upon cooling.

Unfortunately, SU-8 does not melt at a sufficiently low
temperature to enable reflow. In the following procedure
we used Megaposit SPR 220-7.0 positive photoresist (Dow
Chemical Company). First, we prebaked a virgin silicon
wafer at 115 °C for five minutes. After cooling back to room
temperature, we spincoated hexamethyldisilazane (HMDS) at
2000rpm to promote adhesion of the photoresist to the wafer.
We then spincoated the photoresist at 1500rpm for a target
thickness of 10 um. We soft baked at 115 °C for 90s, and
exposed at an energy dose of approximately 1300 mJ cm™2.
The photoresist was then allowed to rehydrate for at least four
hours, after which we performed a post exposure bake at 115
°C for five minutes. After allowing full cooling back to room
temperature (at least 20min), we developed in Megaposit
ME-24A Developer (Dow Chemical Company) until the fea-
tures were appropriately defined (which can take 10-30min).
Once dry, we placed the wafer on a hotplate (set to either 90,
120, or 150 °C) for five minutes to reflow the photoresist. See
supplemental information for details on the exact fabrication
parameters.

Due to the viscosity of SPR 220-7.0, the maximum thick-
ness of photoresist that can be achieved in a single spincoat
is limited. In order to achieve a 50 pum layer of photoresist,
multiple spincoat-bake cycles are required. Although multiple
spincoat procedures producing layers up to about 54 pum have
been reported [46], we found this procedure to be much too sen-
sitive to warrant serious investigation. As such, we were unable
to create any 50 um thick devices using positive photoresist.

3D printing (3DP)

Among the fabrication strategies examined, 3D printing is
unique in that it does not involve any type of photolithography.
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Figure 2. A schematic of the channel dimensions that were used
to evaluate the five fabrication strategies. All dimensions are in
millimeters. These three channels were fabricated at thicknesses of
both 10 and 50 pm.

Molds were designed using commercially available CAD
software (Solidworks, Dassault Systemes SOLIDWORKS
Corp.).

For this method, we chose three different printers to
compare: an Objet30 Scholar (Stratasys Ltd.), a Form
14 (Formlabs), and a Titan 1 (Kudo3D Inc). The Objet30 uses
a technique called PolylJet printing (a form of inkjet printing),
in which droplets of liquid photopolymer are jetted onto a build
tray, and then flash-cured with a UV light. The Form 1+ oper-
ates as a stereolithgraphy (SLA) printer, in which a focused
UV laser traces patterns in a vat of liquid photopolymer. The
Titan 1, also an SLA printer, is slightly different in that it
uses digital light processing (DLP), in which the image of the
entire layer is projected at once. We chose not to examine a
fused deposition modeling (FDM) 3D printer; although these
printers are among the most common style of printers, they
often have relatively poor resolution. Conversely, 3D printers
that use two-photon polymerization, such as the Nanoscribe
(Nanoscribe GmbH), are able to achieve sub-micrometer
resolution, but have a significantly limited build volume and
are often prohibitively expensive. As such, they are outside
the scope of this investigation. A thorough discussion of the
various types of 3D printing can be found in a recent review
by Waheed et al [30].

Backside exposure through glass wafer (BSE)

This fabrication procedure closely follows the one outlined
by Futai er al [17], although with some minor variations. In
this process, we used a 200 pm thick, 100 mm diameter boro-
silicate glass wafer (V015.04-1004, Plan Optik AG) instead
of a silicon wafer as is traditionally used in photolithography.
After the soft bake, the wafer is flipped over and the photo-
mask is placed on the backside of the glass wafer. As a result,
the photomask is offset from the photoresist by the thickness
of the wafer. When the photoresist is exposed with diffuse
(rather than collimated) UV light, the photomask offset causes
the resulting channels to have sloping rather than vertical side-
walls. Because our UV light source outputs collimated light,
we had to introduce an additional optical element. For this
modification we placed a 120 grit UV fused silica ground

glass diffuser (DGUV10-120, Thorlabs Inc.) approximately
7mm above the photomask.

The test parameter that we varied in this fabrication
strategy was the exposure energy. For both the 10 and 50
pm devices, we chose to expose at the recommended energy
(from the datasheet) and at both 50 and 100 mJ cm 2 above
the recommended value. For the 10 pm device (using SU-8
2010), this corresponds to exposure energies of 125, 175, and
225 mJ cm ™2, while for the 50 pm device (using SU-8 2050),
this corresponds to 150, 200, and 250 mJ cm~2. Although the
exposure power of our UV light source was measured to be
21.9 mW cm 2, the exposure power through the glass wafer
was reduced to 20.4 mW cm 2, and further reduced to 12.3
mW cm ™2 when the diffuser was introduced. Thus, we used
this last value (12.3 mW cm2) when calculating the relevant
exposure times.

Inflated PDMS membrane (IPM)

Following the work of Hongbin et al [21], this fabrication
strategy uses a PDMS device as the mold for a second PDMS
device. In this method, the first PDMS device is made using
the standard soft lithography process. This PDMS device is
then bonded to a thin PDMS layer that has been spun onto
a silicon wafer at 1000rpm, resulting in a membrane that is
about 75 pm thick. To bond the two layers, we exposed the
PDMS to oxygen plasma (35W at 0.4 mbar for 20s) using a
low pressure plasma system (Pico BR PCCE 7", Diener elec-
tronic GmbH + Co. KG). After silanizing the resultant PDMS
device, we had a set of functional microfluidic channels. This
device was then used as a mold for the second PDMS device.
We punched inlet holes and connected the channels to a pres-
sure-regulated air supply. Pressurizing the channels caused the
thin membrane to deflect. We then cast a new layer of PDMS
over the PDMS mold (while still under pressure), and cured.
In this way, the shape of the deflected membrane of the PDMS
mold is transfered to the resulting PDMS device. See Hongbin
et al [21] for a figure showing this process, and supplemental
information for additional fabrication details.

As reported by Hongbin et al [21], the deflection of the
membrane depends in part on the width of the channel.
However, it also depends in part on the degree of pressuriza-
tion. Thus, we tested this procedure under inflation pressures
of 1, 3, and 5 psi (6.89, 20.68 and 34.47 kPa, respectively).
These pressures are higher than those reported by Hongbin
et al, but are reasonable due to the fact that we used a thicker
membrane.

Secondary spin coating (SSC)

The final fabrication strategy examined here is based on the
‘thin film wings’ method reported by Dy et al [27]. In this
method, a master is made in the typical photolithographic
procedure using SU-8 photoresist. As such, the structure will
have vertical side walls and sharp corners. A thin film of SU-8
is then spun onto the structure. Capillary action causes the
liquid SU-8 to wick into the sharp corners of the master. After
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Figure 3. SEM images of 10 x 100 pm channels for the different
techniques. (a) Control. (b) Positive photoresist, reflowed for
Smin at 150 °C. (c) 3D printed mold on Titan 1 from Kudo3D.

(d) Backside exposure at 225 mJ cm~2 exposure energy. As the
last two methods (IPM and SSC) failed to produce channels of the
specified dimensions, we do not include them here. (Left) Original
SEM image. (Right) SEM image with channel highlighted and
dimensions added. All dimensions are in micrometers. Scale bar is
100 pm.

soft bake, exposure, and post exposure bake, the secondary
photoresist layer adheres to the original photoresist structure,
resulting in a final master that features rounded corners. See
supplemental information for details on the exact fabrication
parameters.

For this fabrication method, we varied the spin coat speed
to control the thickness of the second photoresist layer. We
were careful to try to deposit the same amount of photoresist
on each sample, which was a roughly 25 mm diameter pool of
photoresist in the center of the wafer. The spin coat speeds we
tested were 1000, 2000 and 4000 rpm.

Results and discussion

Summary of results

Compared to the control, all of the fabrication techniques pro-
duced rounded microchannels, indicating good performance
as microfluidic valves. The detailed results for each method
will be presented in the following sections as well as in the
conclusion; here we compare the results across methods.

In figure 3 we compare the shapes of the channels fabri-
cated from the different techniques. For easy comparison,
here we only consider the 10 x 100 um channels. Because
neither the inflated PDMS method nor the secondary spin
coating method produced channels of 10 x 100 pum, they are
excluded from figure 3.

To further quantify channel shape quality, we fabricated
microfluidic valves (as described in figure 1) with the three
methods that produced 10 x 100 pm channels (as well as with
the control channels). With flow channel pressures of five and
ten psi, we tested the necessary control channel pressure (up
to a maximum of 25 psi) required to both slow and completely
stop flow. The results of these tests are reported in table 1.
While these tests were performed using air as the working
fluid, we repeated the tests with water and found analogous
results.

Table 1. Results of microfluidic valve testing with flow channels
fabricated from the different methods that produced 10 x 100 ym
channels.

Flow Control pressure Control pressure
pressure  to slow flow to stop flow
Control 5 psi 13 psi 23 psi
10 psi 19 psi n/a
+PR 5 psi 11 psi 13 psi
10 psi 15 psi 17 psi
3DP 5 psi 9 psi 12 psi
10 psi 13 psi 17 psi
BSE 5 psi 4 psi 5 psi
10 psi 10 psi 11 psi
IPM — — —
SSC — — —

Note: Control channels were 10 x 250 pm and the membrane thickness was
approximately 50 gm. We report both the control pressure required to slow
and completely stop flow, as determined by observing the rate of bubble
production when we submerged tubing connected to the output of the flow
channel. The maximum control pressure tested was 25 psi; above this value
we classify the valve as exhibiting incomplete closure.

In figure 4, we plot the deviation of the actual dimensions
from the target dimensions for all fabricated channels. For
methods involving photolithography, the target dimensions
are simply the dimensions of the photomask. For 3D printing,
the target dimensions are the dimensions defined in the print
file.

Control

As expected, control samples fabricated with SU-8 produced
channels with nearly vertical sidewalls (see figure 3(a)). In
fact, the sidewalls are slightly undercut (likely due to minor
underexposure, despite using the manufacturer’s recom-
mended exposure energy), suggesting even worse valve
closure performance. Compared to the target dimensions,
the actual microchannels were consistently within just a few
micrometers (for both channel width and channel height).

Reflow of positive photoresist

Determining an appropriate recipe for the positive photore-
sist we used (SPR 220-7.0) was extremely challenging (see
supplemental information for full recipe details). In deter-
mining our recipe, we used the datasheet recipe as a starting
point, but made modifications based on our equipment and
other specifics. We found this process to be highly sensitive to
small variations in procedure. Even more challenging was the
variability of results from one experiment to the next, despite
using the same process parameters. The source of this vari-
ability was likely do to the fact that fabrication was performed
in a loosely regulated clean room, whereas processes that
use this photoresist are typically performed in a much more
tightly controlled cleanroom.

Once these challenges were overcome and we found
a workable recipe, we were able to produce high quality
microchannels in terms of both cross-sectional geometry and
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Figure 4. Plot showing the deviation of actual channel dimensions from those of the photomask (or, in the case of 3D printing, the print
file). Each plotted point represents a distinct microchannel that was fabricated and measured.

Figure 5. SEM images of 10 x 100 ym channels reflowed for five
minutes at (a) 90 °C, (b) 120 °C, and (c) 150 °C. (Left) original
SEM image. (Right) SEM image with channel highlighted and
dimensions added. All dimensions are in micrometers. Scale bar is
100 pm.

resolution. As can be seen in figure 5, reflowing the post-
development device at different temperatures allows for fine
control of channel geometry. However, we were unable to
achieve channels of 50 pum thickness, due to the complica-
tions introduced by attempting multiple spin coating steps,
as noted previously (see the methods section). As has been
noted by others [18], the final geometry of the microchannel
is dependent on the processing parameters, and predicting the
geometry of the final, rounded channels from the geometry
of the rectangular channels is not as trivial as may be naively
assumed.

In summary, this technique is able to produce very fine
channel sizes with good control over channel shape, but is
inappropriate for thicker channels. Additionally, this method
requires strict process control and substantial infrastructure,
which may make it inaccessible for many potential users.

3D printing

In general, the chosen 3D printers performed well; the cross
section shape of the microchannels were all suitable. Using 3D
printing for microfluidic valves is promising in that rounded

Figure 6. Confocal microscope images of channels printed (a)
parallel and (b) perpendicular to the direction of travel of the print
head of the Objet30 Scholar from Stratasys. In these images, the
print head travels from left to right. Note how the microchannel
in (a) is smooth and consistant while the microchannel in (b) is
broken. Scale bar is 100 pm.

microchannels are achieved ‘for free’ at smaller dimensions
due to either surface tension effects (in the case of the Objet30
and other Polyjet printers) or due to the spatial energy distri-
bution of UV light projections (in the case of SLA printers
like the Form 14 and the Titan 1). Additionally, the fabrication
process is extremely simple and almost entirely ‘hands off’.

However, there are shortcomings. The resolution on current
3D printers is limited; many are unable to print at the size scale
of interest, and those that are able can only do so at the expense
of distorted dimensions. As can be seen in figure 3(c), there is
poor correlation between the dimensions defined in the print
file and the actual microchannels that are fabricated. However,
if the relationship between the file dimensions and the physical
dimensions is well understood, this problem can be avoided.

When printing on the Objet30, we were careful to control
for print direction. One can see in figure 6 that the direction
of travel of the print head has a substantial effect on the print
quality of channels of these sizes. Ideally, one would always
be able to align the direction of the channel with direction of
travel of the print head. However, for most microfluidic chips
this restriction is not feasible. For this reason, other printing
technologies may be more appropriate.

As mentioned above, many printers are unable to print
at the small scale in which we are interested. Even with the
printers we examined here, we often tried to print below the
advertised resolution, as can be see in table 2. When printing
below the nominal resolution of the printer, we consistently
found that feature dimensions were of compromised fidelity.
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Table 2. Comparison of the advertised resolution for each printer
used, from the corresponding manufacturer website.

Feature size (um)  Layer thickness (um)

Objet30 100 28
Form 1+ 300 25
Titan 1 50 5

Note: The ‘feature size’ corresponds to the XY resolution, while the ‘layer
thickness’ corresponds to the Z resolution.

195.1

Figure 7. SEM image of 10 x 100 pm channel exposed at 175

mJ cm~2. Notice the tearing in the top right of the channel. (Left)
original SEM image. (Right) SEM image with channel highlighted
and dimensions added. All dimensions are in micrometers. Scale
bar is 100 pm.

We found that the Objet30 was unable to print the 50 pm wide
channels at all.

Another relevant consideration is the tray size of the
printer. Most high resolution printers have a limited build
volume which is defined in part by the size of the build tray.
While for many microfluidic applications this may not be an
issue, it is a limitation that should be noted.

Finally, users may see limitations due to the surface rough-
ness of the printed molds. As the printers in this study all
employ printing styles (PolyJet, SLA, DLP SLA) that require
thermosets, there are unfortunately few post-processing
options that are viable, given the feature sizes of interest. In
other types of printing (such as FDM) that use thermoplastics,
parts may be treated with an acetone vapor polish to increase
surface smoothness. If surface roughness becomes a significant
issue, one solution is to simply use a more advanced printer.
At the time of this writing, there are a number of high reso-
Iution DLP SLA printers that offer excellent surface quality;
perhaps the highest surface quality is offered by printers using
continuous liquid interface production (CLIP) [47].

In summary, 3D printing is an extremely simple method
to produce rounded microchannels of good cross-sectional
geometry. However, resolution is often limited, physical
dimensions may vary greatly compared to print file dimen-
sions, and overall print size can be small.

Backside exposure through glass wafer

As noted in the methods section, we used exposure energies
that were either recommended by the photoresist datasheet,
or slightly above. Comparatively higher exposure energies
were reported by Futai e al [17]. Regardless, we found that
increased exposure energy led to increased channel widths, in
concurrence with Futai et al.

However, we did find some degree of tearing of the PDMS
upon removal from the wafer. This phenomenon can be seen
in figure 7. The tearing appears to have no correlation with
channel dimension, as it was seen in different samples across

Figure 8. SEM image of 50 x 50 pm channel exposed at 150 mJ
cm 2. Notice the sharp corners at the top of the channel. (Left)
original SEM image. (Right) SEM image with channel highlighted
and dimensions added. All dimensions are in micrometers. Scale
bar is 100 pm.

Figure 9. SEM images of 250 sm wide channels inflated at

5 psi. (a) 10 pm mold produced normal channels. (b) 50 xm mold
produced collapsed channels. Consequently, this image does not
include a bottom layer of PDMS. (Left) original SEM image.
(Right) SEM image with channel highlighted and dimensions
added. All dimensions are in micrometers. Scale bar is 100 pm.

arange of channel widths and heights (see also figure §). Most
likely, the relevant parameter here is the wafer material (all
other wafers were silicon, whereas this technique requires
glass). The authors are confident that this problem could be
overcome with a simple surface treatment of the glass wafer.

While most channel shapes were similar to those shown
in figure 3(d), some aspect ratio channels (most notably the
narrow but tall channels, such as the 50 x 50 pm channels)
showed sharp corners, as can be seen in figure 8. This effect
may have to do with the specifics of the diffuser we used.
Regardless, this technique may not be appropriate for taller
channels.

In summary, this method provides a very simple fabrication
process that is nearly as easy as standard photolithography
with a silicon wafer. However, there is significant channel
widening, and glass wafers typically cost about an order of
magnitude more than silicon wafers.

Inflated PDMS membrane

When successful, this method produced satisfactory micro-
channels; however, the method quite often failed to produce
channels at all. In contrast to Hongbin er al [21], we found
little to no effect from increasing the pressure of the inflated
membrane. This discrepancy may be due to the thickness of
the inflated membrane. Hongbin et al report a membrane of
about 20 pm from spincoating at 1000 rpm, but in our attempts
spinning at 1000rpm created membranes of much greater
thickness (approximately 75 pm). With a thicker membrane,
we would require much larger variations in pressure to see
noticeable changes in deflection. While experimenting with
higher pressures, we occasionally plastically deformed the
thin membrane, revealing one failure mode of this technique.

We additionally tried spincoating at higher speeds to
achieve thinner membranes (2000 rpm to fabricate an approx-
imately 40 pm thick membrane), but encountered other
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Figure 10. 50 pum tall channels with a secondary spin coating at 4000 rpm. (a) 100 pm wide channel (nominally), near the center of the
wafer. (b) 250 ym wide channel (nominally), offset from the center of the wafer. Notice the increasing assymmetry with distance from the
center of the wafer. (Left) original SEM image. (Right) SEM image with channel highlighted and dimensions added. All dimensions are in

micrometers. Scale bar is 100 pm.

Table 3. Performance of the different fabrication strategies for different evaluation parameters.

Evaluation parameter

Channel Fabrication Process
shape Resolution Dimension mapping Fabrication time  difficulty prohibitiveness
Control X 11 pm (height) 2 pm (height) 45 min (active) Moderate Moderate
60 pm (width) —4 pim (width) 7hr (total)
+PR v/ 12 pum (height) 2 pm (height) 85 min (active) Difficult High
= 36 pm (width) —1 pm (width) 11.5hr (total)
g 3DP v/ 12 pm (height) —3 um (height) 30min (active) Easy Low
2 116 pm (width) 137 pm (width) 9hr (total)
% BSE v 9 pum (height) 1 pum (height) 45 min (active) Moderate Moderate
2 119 pm (width) 145 pm (width) 7hr (total)
e
£ IPM v 17 pm (height) 8 pum (height) 90 min (active) Moderate Moderate
311 pm (width) 58 pm (width) 17.5 hr (total)
SSC v 10 pum (height) 2 pm (height) 55 min (active) Moderate Moderate

327 pm (width)

403 pm (width)

7 hr (total)

Note: Channel shape: a binary ‘good’ or ‘bad’ based on whether or not the given channel could be completely closed off when incorporated in a microfluidic
valve. Resolution: these are the smallest widths and heights achieved when attempting to fabricate 10 x 50 gm channels (or the smallest successfully
fabricated channel), rounded to the nearest micrometer. Dimension mapping: values obtained by averaging width and height deviation from the photomask or
print file (as in figure 4) and rounding to the nearest micrometer. Fabrication time: we assume four hours for curing of PDMS and six hours for silanization
of wafers and baking of 3D-printed molds (see supplemental information for more a detailed breakdown of fabrication time).

problems. With a thinner membrane, we noticed a tendency
for the channels to collapse during curing. This effect is even
more pronounced in wide, tall channels. In fact, we saw
channel collapse in wide, tall channels even with the thicker
membrane, as can be seen in figure 9.

As noted in the methods section, the channel height is
partially a function of the channel width, so control over
channel dimensions is limited. However, this relationship can
be exploited as a benefit; one can create a single channel of
varying height simply by varying the channel width.

In summary, this method is capable of producing chan-
nels of an appropriate shape, and has the interesting ability
to create a single channel of variable height. However, the
fabrication process involves many steps, is dependent on a
variety of parameters, and is prone to frequent failure for more
aggressive channel dimensions.

Secondary spin coating

Secondary spin coating is a very straightforward strategy to
achieve rounded microchannels. We were unable to consis-
tently achieve the 10 pm tall channels, as the secondary spin

coating step effectively covered them. The 50 pum channels
were all successfully fabricated, and produced channels with
acceptable cross-sectional geometry.

However, there are two major drawbacks. First, the ori-
entation and location of the microchannels with respect
to the wafer are important. Channels aligned radially (i.e.
whose long dimension passes through the wafer center)
will be mostly symmetric, but those aligned tangentially
will by asymmetric. The asymmetry increases with dis-
tance from the center of the wafer. This effect can be seen
in figure 10.

The second drawback is a significant channel widening.
It is typical for channel widths to grow hundreds of microns
upon secondary spin coating. For example, the final width
of the nominally 50 x 50 um channel spun at 1000 rpm was
over 600 pum. Note also that the height of the channels will
change upon secondary spincoating, although this fact can be
accounted for in the design.

In summary, this method is able to produce microchan-
nels of the correct shape, but requires careful consideration
of channel orientation, location, and spacing to create a func-
tional microfluidic network.
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Conclusions

As to which fabrication strategy is best for creating rounded
microchannel, the answer is largely qualified; different strate-
gies have different benefits and limitations. We have attempted
to collect our findings in table 3, ranking each fabrication
method on a number of metrics, which are described below.

It should be noted that all methods were able to pro-
duce channels of the appropriate shape, although to varying
degrees. The quality of the channel shape is quantified by each
channel’s performance in a valve (see results section), but
here we rank shape as a binary ‘good’ or ‘bad’ depending on
whether or not there was complete channel closure. Resolution
is quantified by the smallest channel heights and widths
achieved when trying to fabricate 10 x 50 pm channels. If we
were unable to fabricate 10 x 50 um channels with a given
method, we then used the smallest dimensions achieved in
any successful channels. Specifically, all methods produced
10 x 50 pm channels except for the inflated PDMS membrane
method, in which case we used the smallest dimensions from
the 10 x 250 pm channels (as we were likewise unable to fab-
ricate 10 x 100 pm channels). Dimension mapping is reported
as an average deviation from target channel dimensions, as
described in figure 4. Fabrication time lists both the active
time (i.e. time that requires the user to be present) and the total
time. We assume four hours for PDMS curing and six hours
for wafer silanization and mold baking. Fabrication difficulty
and process prohibitiveness are ranked qualitatively based on
our experience with the various fabrication methods and the
infrastructure, safety precautions, etc required.

In terms of ultimate resolution and dimension mapping,
the reflow of positive photoresist performed best by far.
However, this method has the drawbacks of a complicated
fabrication process, high sensitivity to process parameters and
disturbances, the use of dangerous chemicals, and the need
for expensive infrastructure. On the other end of the spectrum
is 3D printing. This method is extremely easy, fast, safe, and
requires almost no user skill. However, resolution is limited,
and channels often do not print at the dimensions specified in
the design file.

The other methods each have their own strengths and weak-
nesses. Exposing through the backside of a glass wafer yields
resolutions and controllability approaching that of reflowing
positive photoresist, but allows one to work with much easier,
safer, and more robust negative photoresists (such as SU-8).
However, channel shape is not always ideal, there is signifi-
cant channel widening, and glass wafers are significantly
more expensive than silicon wafers. Using an inflated PDMS
membrane as a mold enables the creation of individual chan-
nels with varying heights, but the fabrication process is long
and inconsistent, and molds are somewhat fragile. Secondary
spin coating is extremely simple and produces a very robust
mold, but channel dimensions grow significantly and, unless
the channels are placed very deliberately, the channels become
asymmetric. We summarize the major factors affecting
channel height, width, and degree of rounding in the supple-
mental information.
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