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The compatibility of polydimethylsiloxane (PDMS) channels with certain solvents is a well known
problem of soft lithography techniques, in particular when it leads to the swelling of the PDMS blocks.
However, little is known about the modification of microchannel geometries when they are subjected to
swelling solvents. Here, we experimentally measure the deformations of the roof of PDMS
microchannels due to such solvents. The dynamics of impregnation of the solvents in PDMS and its
relation to volume dilation are first addressed in a model experiment, allowing the precise measurement
of the diffusion coefficients of oils in PDMS. When Hexadecane, a swelling solvent, fills a microchannel
1 mm in width and 50 pm in height, we measure that the channel roof bends inwards and takes

a parabolic shape with a maximum deformation of 7 pm. The amplitude of the subsidence is found to
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increase with the channel width, reaching 28 um for a 2 mm wide test section. On the other hand,
perfluorinated oils do not swell the PDMS and the microchannel geometry is not affected by the
presence of perfluorodecalin. Finally, we observe that the trajectories of droplets flowing in this
microchannel are strongly affected by the deformations: drops carried by swelling oils are pushed
towards the edges of the channel while those carried by non-swelling oils remain in the channel center.

I. Introduction

In recent years, polydimethylsiloxane (PDMS) has emerged as
the material of choice for rapid, low cost fabrication of micro-
fluidic channels. This is due to the many advantages of PDMS,
particularly its transparency and biocompatibility, in addition to
the development of standard protocols for its fabrication.'? This
has allowed an explosion of interest in microfluidics by reducing
the costs and complexity of fabricating microchannels.

However, PDMS presents a few characteristics which can limit
its usefulness. It is a rubber elastic material® with a low Young’s
modulus £ ~ 1 MPa and a high Poisson ratio v = 0.5, making
microchannels highly flexible and compliant. As a result, struc-
tures of extreme aspect ratios are difficult to fabricate: tall pillars
bend and buckle while wide microchannels sag and collapse.*
Additionally, recent studies have shown that even stable geom-
etries may significantly deform when the imposed flow pressures
reach 10° Pa.>”

A second drawback arises from the porous nature of PDMS,
which leads to compatibility issues with some solvents.® Indeed,
the absorption of certain liquids in the polymer matrix can lead
to departures from the dry geometry of a microchannel. The
rubber-like PDMS expands when a swelling solvent diffuses into
the material, in an analogous fashion to heat diffusion and
thermal expansion in elastic solids. The extent of the swelling of
an isolated sheet is characterized by the swelling coefficient at
saturation S, which measures the ratio of its swollen length over
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its dry length. Typical values of S, are in the range of 1.05 to
1.20, meaning that solvents can induce strains of up to 20%.%

Deformations of this magnitude have also been reported for
PDMS microchannels, by observing the changes in the size and
shape of the channels on microscopy images.®'® However,
quantitative measurements of the microchannel deformation in
the third dimension have proved difficult to obtain, although
such information is of major importance for any microfluidic
application that relies on a precise knowledge of the flow profile,
for example when the shear stress on the wall must be known.!

In this paper, we study the deformation of PDMS micro-
channels when placed in contact with swelling oils. The swelling
characteristics of the oils (S« and the diffusion coefficient D) are
first determined by analyzing the size of isolated PDMS sheets in
a bath of oil. The height profile of microchannels is then obtained,
when those are placed in contact with a swelling oil, and compared
with the case of non-swelling solvents. The measurements are
achieved by adapting an optical method, initially developed for
fluid free surfaces,'? which compares the displacement of a pattern
between two images (before and after). Finally, we demonstrate
that the swelling is responsible for deviations of droplet trajecto-
ries as they flow in a deformed microchannel.

Below, we begin by describing the experimental setup and
protocol in Section II. This is followed, in Section III, by an
explanation of the synthetic Schlieren method which is used to
obtain the channel deformations. The results are presented in
three parts: First the swelling characteristics of the oils are pre-
sented, followed by the shape of microchannels when in contact
with these oils. Finally, we demonstrate the effect of the defor-
mation on the motion of droplets in swollen channels.

II. Experimental setup and protocol

The microfluidic devices are fabricated in PDMS (Dow Corning
SYLGARD 184, 1/10 ratio of curing agent to bulk material)
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using standard soft lithography techniques.’>'* They are sealed
onto a glass slide of thickness 4, = 1.1 mm by plasma bonding.
The microchannels have a nominal height of 4. = 50 um and the
PDMS blocks have a global thickness /1p between 4 and 5 mm, as
sketched in Fig. 1. Two solvents, hexadecane or perfluorodecalin
(PFD), are used as the swelling and non-swelling oils in the
microchannel experiments. They are injected into the channel by
capillary suction, by depositing a drop at one of the channel
entrances. The test sections whose deformations are measured
have a length L = 6 mm and widths w of either 1 mm, 1.5 mm or
2 mm. They are connected to the entrance and exit through the
main channel which is 100 um in width.

The height profile of a test section is measured using
a synthetic Schlieren approach, in which the surfaces of the
PDMS act as lenses that refract a fixed pattern. By analyzing the
image of this pattern seen through the PDMS, before and after
the swelling, the local curvature of the surfaces can be recon-
structed. This method has previously been used to observe
deformations of a single free liquid surface'? but works with any
deformed refracting interface. Schematically, the refracted image
is compared to a reference image using a Digital Image Corre-
lation (DIC) algorithm to determine the apparent displacement
field dF of the pattern, which is related to the gradient of the
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Fig. 1 Cross-section (top) and top view (bottom) of a microchannel test
section, displaying the synthetic Schlieren experimental setup. The cross-
section is not to scale.

height profile of the deformed surface. The deformations are then
reconstructed by numerically integrating the slope thus measured
in two dimensions.

The imaged pattern is obtained by fixing adhesive tape
(3M Scotch Magic Tape) under the glass slide, as sketched in
Fig. 1, and using its inherent texture. These patterns are visual-
ized through a channel’s test section using a digital camera
mounted on a low magnification (3x to 5x) stereo microscope
with backlighting. A typical image is shown in Fig. 2.a, where the
microchannel walls are visible, in addition to the grainy texture
to be tracked. The field of observation is a square, 3 mm to 5 mm
in width depending on magnification, and the microscope’s
objective is at a distance H = 7 cm from the PDMS block. The
DIC analysis to obtain the apparent displacement field is per-
formed using the commercial software DaVis (LaVision). Mul-
tipass iterations with a decreasing window size and a 50% overlap
are used for the computations of the correlation functions,
leading to a displacement field defined on a 128 x 128 grid, with
a spatial resolution ranging between 24.2 pm and 40.8 um.

The experimental protocol consists of first preparing a micro-
channel and placing it on the apparatus described above. The field
of observation is chosen such that the test section and the inlet
channel are visible, then a reference image of the pattern is taken,
as shown on Fig. 2.a. The solvent is then allowed into the micro-
channel and the device is monitored for 5 h by taking an image
every 3 min. During this time, the solvent diffuses into the solid and
evaporates into the atmosphere, leading to continuous variations
of the observed pattern. These variations can be followed in
Fig. 2.b which shows a space-time diagram extracted from
a typical experiment. On this image, the horizontal axis represents
time and the vertical axis gives the gray values measured along the
line A — A’ in each image. Pattern displacements, which are a result
of swelling induced surface deformations, can be qualitatively
visualized in this way (see also movie in the ESI+).

III. Surface reconstruction

A typical experiment can be divided into two distinct periods, as
pointed out on the spatio-temporal graph. During period 1, from
t =0 to t =90 min in the example of Fig. 2.b, the channel is filled
with solvent and the pattern displacements are due to the
deformation of the top PDMS-air interface only. Indeed, the
optical indices of glass (n, = 1.47), PDMS (nppys = 1.42) and of
the solvents (1., = 1.43, nprp = 1.30) are all close together.
Therefore, the bottom two interfaces (glass—solvent and solvent—
PDMYS) disappear and the channel walls become invisible as long
as the channel is filled.

The situation in period 1 is therefore strictly identical to the
one described by Moisy et al.** Because the camera is far above
the microchannel (W/H < 1), rays passing by the field of obser-
vation and reaching the objective are all nearly parallel. As they
pass through the deformed interface, they are refracted at an
angle proportional to the local slope of the interface. Hence,
a point 7 of the pattern is actually seen by the camera as the point
I', at a distance &7, from its original position, as sketched in
Fig. 3.a. The slope of the top surface is given by the gradient of

the height deformations 5}/ p and, for small deformations
(hplhp < 1), it is related to the apparent displacement field d7; by
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Fig. 2 a. Reference image of a channel taken before a swelling experiment, featuring the main test section of width w = 1 mm and the narrow inlet
channel. The scale bar represents 500 um. b. Space-time diagram showing the evolution of the pixel gray values along the axis (4 — A”) of the reference
image. The channel is filled with hexadecane from ¢ = 0 min to # = 90 min and it is empty after = 105 min.
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Fig. 3 Refraction of light rays by a deformed microchannel. The initial
geometry is sketched by the dotted lines. a: The channel is filled with
a solvent of matching optical index. The two bottom interfaces (dashed
interfaces) disappear. The ray passing by [ is refracted by the top surface
and is seen as passing by I’, inducing the apparent displacement d7;. b:
The channel is filled with air. The ray is refracted by three interfaces,
including two potentially deformed surfaces. Point J has an image at J',
inducing the apparent displacement 87.

2 1 1
Vhp_(ﬁ‘;f) i, (1

where 1" = (1-nui/nppars)(hp + npparsion = he + nppysing - hy).

When using a stereomicroscope, this relation is modified by
the fact that the optical axis of the microscope 7 is not aligned
with the vertical axis Z' of the channel. The resulting viewing angle
6, typically around 10°, is characterized by its projections 4, and
¢, on the in-plane axis (¥,j). A consequence of this non-align-
ment is a blur in the image near the vertical wall. To limit this
drawback, the channel is aligned with the viewing angle, i.e.
setting ¢, = 0. A second consequence is a correction to the
relationship between the apparent displacement field 87} and the

refracting interface slope eh’ p, yielding
> 1 1 . ~
Vh, = 7 < (671 — 6X) , )

where 6, = h. [tan(sin~'(1/n,; sin 6)) — tan 6]. This small correc-
tion does not modify the qualitative features but improves the
homogeneity of the measured deformation.

Period 1 is followed by a short transition period, from ¢ = 90
min to ¢ = 105 min, during which the microchannel is partially
empty. This translates to a sudden reappearance of the channel
walls and to complex movements of the patterns on Fig. 2.b.
However, the channel remains in contact with the swelling
solvent during the transition (see movie in the ESI¥).

The second period begins when the microchannel is completely
emptied due to absorption and evaporation, at ¢ = 105 min in
Fig. 2.b. During period 2, the PDMS block is no longer in
contact with the swelling agent and the geometry relaxes back to
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its initial shape, as observed on the space—time diagram. Again,
the first image in period 2 is compared with the initial reference
image by DIC analysis and yields a second displacement field d7%.

During this period, the pattern is refracted by two deformed
surfaces: the air-PDMS interface which forms the channel roof
and the PDMS-air interface on top of the block, in addition to
the flat glass—air surface, as sketched in Fig. 3.b. One must
therefore write that the total displacement &7 is the sum of three
elementary displacements and it is related to the gradients of

both surface deformations V/'p and V/# ., which yields

>, (1 1\ UW-1/Hz,
VIl(f—(h—;—ﬁ>6rz+thp, (3)

where h2* = (lfnPDMS/nair)(hv + nair/nglass ! hg) and hS* = (lfnair/
nppums)(hp + npprsing - he + nppusing - hy). Here, effects of the
viewing angle 6 are already accounted for by the term — V//'p
coming from eqn (2).

Calculating the shape of the channel roof therefore depends on
the knowledge of the shape of the top PDMS surface, which we
extract from the displacement field 87|, at the end of period 1.
The numerical integration method provided by Moisy et al.® is
performed twice, first using eqn (2) to reconstruct the profile of
the top PDMS surface /5, then on eqn (3) to reveal the channel’s
height profile /., thereby reconstructing the complete geometry
of the swollen microchannel.

The overall measurement accuracy and absolute error are
a combination of system and DIC uncertainties, the latter
being well documented in the literature for Particle Image
Velocimetry .'® The interrogation windows were chosen so that
the image of the patterned tape satisfies the criterion of 5 “dots”
per interrogation window. The feature size is around 10 pixels,
thus exceeding the optimal size of 2-3 pixels. Hence, DIC has an
uncertainty of 5% approximately and induces an absolute error
of 0.5 um on the reconstructed height profile. Uncertainties in the
experimental apparatus lie in the measurement of the effective
heights (A7, /5, h3) and in the estimation of the viewing angle 6..
For the former, the glass slide and the microchannel have precise
nominal heights and the PDMS block is measured for each
channel with of precision of 0.1 mm. In addition, we measure
a viewing angle 6, = 9° £ 1° for our setup. This leads to an
overall accuracy estimated at 10%.

IV. Results
A. Characteristics of the diffusion and the dynamics of swelling

To characterize the amplitude of PDMS swelling by solvents, Lee
et al.® measured the swelling coefficient S., for a number of
organic solvents: this coefficient is defined as the ratio of the
length L., of a PDMS piece saturated by the solvent over its
initial length L, before swelling. We conduct similar measure-
ments for hexadecane, silicone V100 oil and paraffin oil. A thin
square of PDMS (1 cm x 1 cm x 1 mm) is placed inside a Petri
dish filled with the solvent of choice and is photographed during
more than 12 h using a digital camera and a macro objective. On
each image (3008 x 2000 pixels, 1100 pixels/cm), the width L(7)
of the PDMS square is measured and compared to the reference
value L, to yield the amplitude and dynamics of swelling.

sk . . . .
Hexadecane -

ol Silicone V100 ]
; _ -
i —
x =
5 e Lol ]
L - :
005 " Paraffin
Fal
|
on e /
-a A A
08 L}
o 50 100 150 200 250 300 350

W
1 2z

Fig. 4 Plots of the isotropic swelling coefficient S(¢) for hexadecane (»),
silicone oil (M) and paraffin oil (4) as a function of v/z. The lines corre-
spond to a linear fit before saturation.

The dynamics of swelling is linked to the absorption of the
solvent into PDMS, which is a diffusive process, characterized by
a diffusion coefficient D.'” Modeling solvent diffusion and the
deformations induced by local swelling in a thin PDMS sheet
shows that the length of the sheet L(¢) evolves as

L(z) 2 Dt

TO—I*(S«:—I)J - “
where d is the thickness of the PDMS sheet (see ESI for the
derivation of this equationt). Eqn (4), which is valid before
saturation occurs, can be used to estimate the diffusion coeffi-
cient D.

Accordingly, the transient swelling ratio S(z) = L(¢)/L, is
plotted as a function of / for hexadecane, silicone and paraffin
oils in Fig. 4. The swelling coefficient at saturation S, is evalu-
ated from the steady state values of S(z). Swelling is observed for
hexadecane and silicone oil only. Next, the values of [S(v/7) — 1]
are fitted with a linear law for early times. Fig. 4 shows a good
agreement between the data points and the linear fit for both
swelling oils, which validates the theoretical model used to
compute eqn (4). Hence, the slope § of the fit can be used to
evaluate the diffusion coefficient D of the solvent:

_ (8 Y

The extracted values for S, and D are listed in Table 1. They
show good agreement with previous measurements for other
carbon or silicone chains.®1#2°

The diffusion coefficient D is useful to estimate the time t
necessary for the microchannel to reach its swollen steady state.
It is reasonable to assume that the system locally reaches its
equilibrium shape when the PDMS has swollen over a layer of

Table 1 Swelling coefficients S.. and diffusion constant D

Se D/m?s™!
PFD 1.00 ¢ none
Paraffin oil 1.00 + 0.01 none
Silicone V100 1.08 £ 0.01 10+ 1 x 107"
Hexadecane 1.14 £ 0.01 44 +4 x 1072
n-Heptane 1.34¢ 13-70 x 10~

“ Extracted from ref. 8. ? Extracted from ref. 20.
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thickness comparable to that of the microchannel height /.. This
will occur over a time determined by the diffusion of oil into
PDMS, t « h2/D. For a 50 um-deep microchannel swollen with
hexadecane or silicone oil, 7 is on the order of 5 min, which is very
short compared to the duration of period 1. We may therefore
assume that our measurements of the microchannel deforma-
tions correspond to the swollen steady state.

B. Microchannel deformations

We follow the experimental protocol of Section 2 and perform an
experiment using hexadecane on a test section of width w = 1
mm. Eqn (2) is first integrated taking 6, = 9° to obtain the
relative deformation of the top PDMS surface, which is shown in
Fig. 5.b. This surface bends outwards away from the glass wall,
with an amplitude of 10 pm above the microchannel. While these
deformations are negligible for a PDMS block of thickness

x (m) x10~°

0.5 1 1.5 2 25 3
X (m) x107°

hp = 4 mm, they become significant when compared with the
thickness of a second microchannel which may be stacked over
the first one, for instance in multilayer microfluidic devices.?

Next, the height profile of the channel /, is computed using eqn
(3) at the beginning of period 2. This is done by injecting the
deformations /1, obtained at the end of period 1. The assumption
that the top surface of the block has not significantly changed
during the transition between the two periods is justified by
noting that the pattern movements are small during this time
lapse, as seen on the space-time plot of Fig. 2.b. The resulting
swollen height profile /. is shown in Fig. 5.a. The roof of the test
section is found to deform into the microchannel, displaying
a transverse subsidence whose amplitude varies between 6 um
and 7 pm along the x-axis.

On the other hand, the narrow 100 um-wide injection channel
is not significantly deformed by swelling (/1./h. < 1%), while the
subsidence rapidly increases with the channel width in the
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Fig. 5 Deformations of microchannels measured by the Synthetic Schlieren method. The position of the channel is outlined by solid lines. (a) Height
profile /. of the roof of the test section swollen by hexadecane. (b) Height profile 4, of the top surface of the PDMS block swollen by hexadecane.
(c) Height profile /. the test section roof after PFD injection. (d) Transverse height profiles /.(y) of the main test sections averaged along the x-axis for
channels of widths 1 mm (o), 1.5 mm ({)) and 2 mm (__]) swollen by hexadecane, and for a channel of width 1 mm after PFD injection (e).
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diverging region, indicating that deformations are highly
dependent on the channel’s local aspect ratio a = w(x)/h,, in
agreement with ref. 6.

To further investigate the influence of the channel’s width, we
perform experiments on test sections of width w = 1.5 mm and
w =2 mm. Again, we measure a subsidence of the channel roof,
as seen on the height profiles (see ESI for figurest). The defor-
mations for the three widths investigated are compared by
averaging the subsidence along the length of the channel, in the x
direction. The resulting profiles are plotted on Fig. 5.d and we
observe that the amplitude of the deformations increases from
7 ym for w = 1 mm to 20 um and 28 pm for w = 1.5 mm and
w = 2 mm, respectively. In addition, an experiment on a 3 mm
wide test section reveals that parts of the channel collapse,
indicating that the deformations are larger than 50 pm for this
width.

In contrast, the observed deformations are below the noise
level of 0.5 um when the experiments are performed using the
non-swelling PFD, as shown on Fig.5.c. This is further confirmed
since the height variations that are observed are mostly located
near the channel edges where the vertical walls blur the images
and introduce further errors into the DIC analysis. The averaged
height profile for this case is also plotted in Fig. 5.d, showing no
discernible height variation along the y-axis. This control
experiment confirms that the deformations measured using
hexadecane are indeed due to the swelling of the PDMS block.

C. Effect of deformations on droplet trajectories

The effect of depth variations on the flow in a microchannel has
already been studied in the case of single phase flows. Indeed,
slight deformations in the channel geometries have been shown
to significantly influence the flow within it, for instance in the
production of three-dimensional flow profiles,* in the amplifi-
cation of the Taylor—Aris dispersion for pressure driven flows*
or in the modification of the pressure vs. flow rate relationship.”
Here, we observe the effect of the subsidence on the transport of
droplets as they travel in the 1 mm wide test section. To this end,
drops of water in oil are produced in a flow-focusing geometry®
which is operated in a regime to produce large drops. In this way,
the drops are flattened when they flow through the test section
and are thus sensitive to the height variations.

We chose silicone oil (swelling solvent) and paraffin oil (non-
swelling) as the carrier fluids for the study of droplet dynamics
because these oils enable controlled droplet formation and
injection under identical hydrodynamic and capillary conditions.
Indeed, the two liquids have similar viscosities (v,; = 100 cP and
Vper = 130 cP) and interfacial tensions (y,; = 0.25 N m™' and
Ypar = 0.25 N'm™"). Drops are made and transported by the two
fluids while keeping the flow rates and droplet radii similar, as
shown on Fig. 6.

If the test section’s geometry is unperturbed, droplets are
expected to follow straight trajectories along the channel’s
centerline as they would in a perfect Hele-Shaw cell.>*** This
behavior is indeed observed in Fig. 6.a which displays the
trajectory of a water droplet in paraffin oil by superposing
successive images of the droplet train. These drops follow the
centerline of the channel and exit without feeling the presence of
the side walls.

a.
{1:1[’|{n‘(|} i . N T

b.

Fig. 6 Water droplets are advected from left to right along the large
microchannel by a second carrier fluid. By superposing a few successive images
taken using a high speed camera, the trajectories of the droplets are qualita-
tively visualized: (a) straight trajectory for paraffin oil (Q = 1.1 uL min~' and
R =100 um). (b) bent trajectory with transverse migration toward the side wall
for silicone V100 oil (Q = 3.0 uL min~" and R = 130 um).

In contrast, drops carried by Silicone oil follow different
trajectories, as shown in Fig. 6.b. These drops begin to deviate
from the channel centerline as they enter the diverging section
and they flow out of the test section along the side wall. Drops
flowing at different flow rates make contact with the side walls at
different locations, with faster drops advancing further before
touching the sides. However, all drops deviate from the centerline
before exiting the channel.

The physical reason for the trajectory modification can be
understood in simple intuitive terms by considering the surface
energy of the drop: Although the volume of each drop is fixed
after its formation, its surface area varies as its shape changes.
Recall that the smallest surface area for a drop of a given volume
is given by a spherical shape, such that a flattened drop has an
increased surface area and consequently an increased surface
energy. By moving towards the side of the channel, where the
subsidence is minimum, the drop minimizes its surface area by
approaching a spherical shape. The migration of the drops
towards the side walls therefore corresponds to a migration to
the area of minimum confinement and minimum surface energy.

V. Summary and discussion

The synthetic Schlieren method developed to measure the defor-
mations of PDMS microchannels only requires a low magnifica-
tion microscope and adhesive tape. It is a simple and cost effective
alternative to confocal or fluorescence microscopy with compa-
rable resolution and precision. It is however limited to volatile
liquids for two reasons. First, period 1 is excessively long for non-
volatile liquids and the channel is not revealed in reasonable time.
Second, the deformations of the microchannel are obtained at the
beginning of period 2 when the liquid fully leaves the channel, and
not when the channel is filled with the solvent at the end of period
1. The assumption that the roof of the channel has not deformed
during this time is only valid if the transition period is short, which
is the case for volatile liquids only.

The auxiliary experiment used to measure the swelling char-
acteristics of a solvent into PDMS is easy to implement. Through
an analysis of the time evolution of the PDMS sheet, this
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experiment gives access to the swelling coefficient S and also to
the diffusion coefficient D of the oil, which is a key parameter in
estimating the time necessary for establishment of a swollen
steady state.

Finally, the swelling of PDMS by a solvent induces a subsi-
dence of the microchannel. The amplitude of the deformations
increases with the width of the channels, exceeding 50% of the
channel’s thickness for the widest channel measured here. This
subsidence modifies the trajectories of pancake droplets and
pushes them towards the sides of the wide test section, where the
channel has a maximum depth. This behavior can be intuitively
explained by energy arguments and a precise prediction of the
trajectory based on such arguments is the subject of our current
research.
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