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We study the effect of softness of the microchannel on the process of droplet generation in two-phase

flows in a T-junction microchannel. One side of the microchannel has a flexible thin PDMS layer, which

vibrates naturally while droplets are generated; the deformation frequency coincides with the frequency of

droplet formation. Furthermore, we compare the polydispersity of water-in-oil droplets formed with a

microchannel with one soft wall with those formed in a conventional rigid microchannel. We show that

deformation of the soft wall reduces the polydispersity in the droplet size.

Introduction

The formation and control of droplets are a significant area of
development for microfabrication methods and have enabled new
microfluidic applications in chemical and biological research [1-
2]. One of the common structures with which to form droplets is
a T-junction microchannel where two immiscible liquids intersect
at the junction and discrete droplets are produced periodically.
There are many studies of droplet generation focusing on the
influence of flow geometry [1-6], flow conditions [1, 7], and fluid
properties [1, 8], as well as organizing the data with appropriate
dimensionless parameters. For example, generally, for a given
geometry and fluid properties, the capillary number is the most
important parameter to distinguish the regimes of drop formation.
In particular, three main regimes of droplet formation have been
identified as the capillary number is varied: squeezing, dripping,
and jetting [2, 8-11]. In contrast, in this paper we maintain the
flow conditions approximately constant so as not to significantly
change the capillary number in the flow, but we influence the
droplet formation process by redesigning a microchannel with
one soft wall, as shown in Fig. 1 and Supplementary Movie 1. As
the movie makes clear (data reported in detail below) we observe
more regular droplet formation by using the channel with a soft
wall.

The effects of the elastic deformation of a microchannel on the
pressure drop versus flow rate relation for the case of a steady
single-phase laminar flow were investigated by Gervais et al.
[12]. These authors reported that for a given pressure difference
the measured liquid flow rate in the deformed channel is much
higher than occurs in a non-deforming channel (a model for the
modified pressure drop versus flow rate relation was given also).
In addition, a deforming wall has been used as a microvalve, as
apparently first introduced by Unger et al. [13], who fabricated
two embedded channels in polydimethylsiloxane (PDMS). By
controlling the deformable wall using air pressure, the authors
tuned the droplet size and droplets were produced at the same
frequency as the valve was actuated [14]. In extensions of the
study of [13], microvalves of various shapes have been fabricated

50

w
b

=y
S

=Y
A

=
S

)
G

%
S

and used in the micro-controlled systems [15], pumps [16-17] and
droplet generation chips [18-19].

In this paper, we are interested in the effect of a soft wall on
the process of droplet formation in a T-junction. The soft
microchannel can significantly influence droplet break up as
evidenced in Fig. 1. To investigate this effect, we introduce a new
T-junction microchannel that has one side consisting of a thin
membrane that forms a flexible soft wall. By using a confocal
laser-scanning microscope, we observe the deformation of the
soft microchannels. To measure the frequency of the fluctuations
of the soft wall, we prepare the thin PDMS layer with a dilute
distribution of fluorescent particles, which are then observed with
a high-speed camera. We find that the deformation frequency is
synchronized with the droplet formation sequence. Finally, we
compare droplet generation in microfluidic T-junction
experiments with the soft wall and the conventional rigid channel
and show that the soft wall geometry provides droplets with
smaller polydispersity than in the conventional rigid wall T-
junction.

Materials and methods

In order to investigate multiple characteristics of droplet
generation in a soft microchannel, including the size and
formation frequency of droplets, as well as the deformation and
vibration frequency of a soft wall, the experimental setup shown
in Fig. 2(a) is used. Two straight channels merge at a right angle
with two inlets and one outlet. An oil phase (perfluoropolyether
oil, Fomblin 06/6, Kurt J. Lesker, USA) flows in the main
channel (the y-direction) as the continuous phase liquid,
deionized water, flows through the side channel (the x-direction)
to be dispersed as water droplets in the junction area. A snapshot
of droplet formation in the T-junction microchannel is shown in
Fig. 2(b). The flow rates are controlled by syringe pumps (KD
Scientific, KDS-100). The flow rate of perfluoropolyether oil is
varied from 0.04 - 0.16 ml/hr while the flow rate of water is kept
constant at 0.02 ml/hr. We non-swelling  oil
(perfluoropolyether oil) to prevent microchannel changes [20].
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The oil has density 1880 kg'm™ and dynamic viscosity 0.1147
Pa-s, and water has density 10° kg-m > and dynamic viscosity 107>
Pa-s; the interfacial tension y between the oil and water is about
48.3 £ 1 mN/m. The oil wets the PDMS channel.

s We perform experiments in two different channels, one with
one soft wall and the other where all of the walls are much less
flexible. All PDMS channels are fabricated under identical
conditions. To evaluate the reproducibility, all experiments are
performed several times. Fig. 2(c) shows the schematic of the

10 cross-section of the soft microchannel, where the main PDMS
part with the microchannel pattern is sealed against a thin PDMS
membrane that forms the bottom wall. The thin wall is made of
PDMS with the ratio of 15:1 on a silicon wafer that is spin coated
at 5000 RPM for 1 minute to obtain a film thickness of 17 pm.

15 The wafer is treated by trichloro (1H, 1H, 2H, 2H-perfluorooctyl)
silane (Sigma Aldrich, USA, CAS: 78560-45-9) at 110°C in a
vacuum chamber for about 30 minutes. For experiments with a
“rigid” microchannel, the channel is bonded on a glass slide to
restrict the deformation of the bottom wall, as shown in Fig. 2(d).

20 The two different types of microchannels have the same
hydrophobicity. Furthermore, we vary the thickness of the soft
wall by changing the speed of spin coating (6000 RPM for 5 um

thickness and 5500 RPM for 10 pm thickness), and so
significantly influence the bending modulus of the membrane,
which varies as the cube of the membrane thickness. The
dimensions of the various microchannels are listed in Table A of
the Supplementary Material. The Young’s moduli (E) of three
different soft walls were measured by using an Agilent Nano
Indenter G200 and the values are listed along with the bending
stiffness B in Table B of the Supplementary Material. The bending
stiffness B is calculated according to the equation, B = EI where [ is
the second moment of area; [ = tjw,,,/ 12 for a thin film of thickness ¢
and width w,,.

To understand the dynamics in our experiments we measure the
deformation frequency of the soft wall by means of a single
particle detection technique. We prepare a thin PDMS layer
mixed with 1 pm fluorescent particles (polystyrene Rhodamine B,
Invitrogen, USA) and we measure the fluorescent signal from the
particles by using a fluorescent microscope outfitted with a high-
speed camera (Phantom v7.3, Vision Research, Inc.). The
particles exhibit a fringe pattern that changes in time depending
on the particle’s position with respect to the focal plane. By
taking the Fourier transform of the measured time-dependent
signal we obtain the vibration frequency of the soft boundary.
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Fig. 1. Comparison of water-in-oil droplet formation in (a) the conventional rigid T-junction and (b) the soft wall T-junction, which are
performed under the same experimental conditions, i.e. the same flow rates and the same sizes of microchannels. (a) A PDMS channel is
constructed with a glass substrate, which represents the conventional rigid microchannel. (b) A thin PDMS layer replaces the glass substrate for
the bottom substrate where deflections of the thin membrane cause small distortion of the images. Images at droplet breakup are captured from

so the Supplementary Movie 1.
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Fig. 2. Characteristics for drop formation in a microchannel with one soft wall. (a) Schematic illustration of the experimental setup for droplet
generation. (b) Snapshot of droplet generation in the T-junction microchannel where w; and w,, are, respectively, the widths of the channels of the

water and oil phases. The water droplet is artificially indicated with orange. Comparison of the cross-sections between (c) the soft microchannel
ss and (d) the rigid microchannel, where 4 is the channel height and ¢ is the thickness of the thin PDMS layer.
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Results and discussion

We now discuss our observations of drop formation in a
microchannel specially designed with one soft wall. In particular,
we first document the deformation of the soft wall in two-phase
s flow, then we document the deformation of the soft boundary as
drops are formed periodically, and finally we contrast the drop
size and polydispersity for a microchannel with one soft wall as
compared to the conventional much more rigid microchannel.
The observed decrease in polydispersity in the softer design is the
10 main contribution of our work.

Deformation of the soft wall of the microchannel

First, to visualize the deformation of the soft microchannel, the
channel is colored by Rhodamine B (Sigma Aldrich, USA). To
prepare this material, a Rhodamine B solution is pumped into the
1s microchannels and then allowed to sit for about 1 hour. After this
treatment, we measure the shape of the microchannel by using a
confocal laser-scanning microscope (Leica TCS SP5, Leica

20um
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Microsystems Inc.). Fig. 3 illustrates that the soft wall deforms
and the cross-sectional area increases when water droplets are
generated. The deformation ¢ increases with the microchannel’s
width under the same flow rate condition, as shown by comparing
the typical deformations in Fig. 3(b) and (d). The maximum
deformation ¢ values of Fig. 3(b) and (d) are 8 um and 32 um,
respectively.

For wider membranes, the deformation is larger (contrast Fig.
3(b) and (d)). The deformation of a flexible thin membrane can
be described by a spring-mass system. Then, by Hooke’s law, we
can approximate the deformation of the membrane, 0 ~ Fp w,o E!
L 3, where Fy is the force acting on the membrane and L is a
droplet length in the channel; we then have the spring constant &
= w,,EL? for the thin layer [21]. From this relation, we assume
that the final deformation is mainly determined by the width of
the channel and the PDMS layer thickness, provided that the
Young’s modulus and the force acting on the wall are similar.

Fig. 3. Comparison of the deformations of soft microchannels where panels (a) and (c) have no flow while panels (b) and (d) have two-phase
flow. The flow rate of water is Q,,= 0.02 ml/hr and for oil is O, = 0.04 ml/hr. The cross-section of the microchannel is measured by using a
confocal laser-scanning microscope where the channel height is # = 45 pm and the thin membrane thickness is # = 17 pm. The PDMS

microchannel is colored with Rhodamine B. The yellow dashed lines indicate the cross-sectional shape of the microchannel. Each microchannel

40 has the same aspect ratio between the width of the oil phase channel and the width of the water phase channel, i.e. w,/w; = 2. (a) w, = 100 pm,
without flow. (b) w,,= 100 pm, with flow. (¢) w,, = 200 um, without flow. (d) w,,= 200 um, with flow. The maximum deformation ¢ of the thin

membrane is 6 = 8 um for (b) and J = 32 um for (d).

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 3



Lab on a Chip

Cite this: DOI: 10.1039/c0xx00000x

www.rsc.org/loc

Lab on a Chip

PAPER

() —_— ro (%) -+
P 1 - - .

w2 ]
= B
(=<}

= — —
1S i
=

— ]
(= N
= |
<

- b —
(Dg 7
= N
@ i
=

L) —
<

—_ o —
—_—

sy i
o5

<z i

Fig. 4. Comparison of the frequency of vibration of a soft wall and
the frequency of droplet generation. The different symbols represent
different experiments. The solid line represents a linear fit to the

experimental results.
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Fig. 5. Comparison of the droplet sizes measured in the soft
microchannel (the red, green, and blue solid lines) and the rigid
microchannel (black solid lines) by varying the oil flow rate Q, for a
fixed water flow rate Q,, = 0.02 ml/hr. The square and circle symbols
10 represent (a) w,, = 100 pm and (b) w, = 200 um wide channels,
respectively. Every microchannel has the same aspect ratio between
the width of the oil and water phase channels, i.e. w,,/w; = 2.
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Deformation caused by droplet generation

We observe the cross-sectional shape of a channel with a
deformed soft wall and find that the wall vibrates in time. In a
conventional rigid microchannel, the droplet is confined and
flattened by the rigid boundary, while with a soft wall the droplet
flexes the elastic boundary by the pressure between the two
immiscible liquids. We observe that the soft wall moves in and
out of the focal plane during droplet generation. By recording the
change in the particle fringe pattern inside the soft wall, we
obtain the frequency. Also, the frequency of droplet generation is
analyzed from high-speed droplet images. For the same
experimental conditions the frequencies of wall deformation and
drop formation coincide with each other, as shown in Fig. 4,
which means that the soft wall is deformed by the forces
associated with the droplet flows.

Droplet sizes in two different T-junctions

Under the same experimental conditions, we investigate the
droplet generation process in different microchannels: soft versus
rigid. The width ratio between the main channel and side channel
is an important parameter in setting the droplet size and the
mechanism of the droplet generation [1-6]. We maintain the same
size ratio between the widths of the oil phase channel and the
water phase channel, i.e. w/w,, = 2. To check the reproducibility
of our results, we perform many experiments under the same
conditions. Droplet lengths are decreased by increasing the oil
flow rate, which are measured directly from the images of the
droplet shadows recorded by a high-speed camera, as shown in
the inset of Fig. 5 (see Supplementary Movies 2, 3, and 4 that are
for case 8 (B = 1.5x10™"* Nm?) and the oil flow rate has 0.04,
0.08, and 0.16 ml/hr, respectively). The droplet length is
investigated by varying the oil phase flow rate in the main
channel. We also examine droplet lengths in various soft
microchannels that have different bending stiffnesses (see Table
B of the Supplementary Material).

We examine droplet production with respect to the softness of
the wall of the microchannel. Although the channels are different,
in every case the droplet length L decreases as the oil flow rate, as
shown by the results reported in Fig. 5. In addition, we find that
as long as one wall of the channel is soft, the error bars of the
droplet size distribution decrease. Thus, we next discuss the
polydispersity in droplet formation.

Effect of the soft microchannel on polydispersity

The polydispersity of the generated droplet size in soft versus
rigid microchannels in presented in Fig. 6. The polydispersity in
droplet size is obtained as the standard deviation in droplet length
relative to the average length of the droplets. In the soft
microchannels, the droplet polydispersity is decreased for a wide
range of oil phase flow rates. As the membrane thickness
decreases, the bending stiffness decreases and we observe that the
polydispersity decreases accordingly. Thus, we have provided
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evidence that making the membrane softer (reducing E or the
membrane thickness, both which reduce B) decreases the droplet
polydispersity. For example, in case 4 (B = 7.5 x10""> Nm?) and
case 8 (B = 1.5x107* Nm?), the polydispersity is less than 10 %

s for the various flow rates. In the rigid microchannel, when water
droplets are formed at the T-junction, the droplets block the flow
of the oil phase and then the droplet might deform due to the
confinement. However, in experiments with the soft
microchannel, the thin elastic wall is deformed easily as shown

10 by the results in Fig. 3; deformation tends to relieve the
confinement and leads to a lower polydispersity.
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Fig. 6. Comparison of the polydispersity in droplet size for a soft

microchannel (red, green, blue solid lines) and a rigid microchannel
15 (black solid lines). The results are obtained by varying the oil flow

rate O, for the water flow rate Q,,= 0.02 ml/hr. The square and circle

symbols represent (a) w, = 100 um and (b) w, = 200 um wide

channels, respectively. Every microchannel has the same aspect ratio

between the widths of oil and the water phase channels, i.e. wy,/ws =
20 2.

According to the literature [1-2, 8-11], at a T-junction
microchannel, three distinct regimes of droplet formation -
squeezing, dripping, and jetting - have been identified, which are

25 dependent on the capillary number, Ca = uQy/(yA) = uUy/y where
4 is the oil phase velocity in the main channel, U, is the mean
velocity of the oil phase, and 4 is the cross-sectional area, i.e. 4 =
hw,,. In particular, a critical value of the capillary number (Ca ~
10%) is reported to distinguish the squeezing-to-dripping

30 transition. In the current study, the capillary number ranges from
0.003 to 0.023 for all flows, so that the capillary numbers are in
the critical range for the squeezing-to-dripping transition. Above
a capillary number Ca > 107 the viscous shear stress are

significant and then a droplet can break up aided by the strong
35 shear flow (i.e. dripping) while generating a droplet, as shown in
Fig. 1(a) and the top row of the Supplementary Movie 1.
However, in the soft wall T-junction, the flexible wall is
deformed while the water phase is injected and the increase of the
cross-sectional area has been observed by the confocal laser-
40 scanning microscope measurements (see Fig. 3). By increasing
the cross-sectional channel area (e.g. see Fig. 3(b) and (d)), the
shear stress, v = uQy/Ae where ¢ is the gap between the droplet
interface and the wall of the channel [1], is temporally decreased
and the squeezing dynamics assists breakup of the water droplets,
45 directly at the T-junction, rather than downstream, as shown in
Fig. 1(b) and the bottom row of the Supplementary Movie 1.
Quantitatively, the cross-sectional area of the soft microchannel
is increased and then the mean velocity (U, = Qy/4) of the oil
phase is decreased due to deformation of the flexible thin PDMS
so wall: the local capillary number at the junction is temporally
decreased by 30 % between case 5 (B = 9.6 x10° Nm?) and case
6 (B =1.6 x10"* Nm?) while the flow rate is constant.
In addition, the soft wall provides another advantage that
increases the effective surface tension force F, = yh(t) [1-2],
ss which is related to the stabilizing effect of surface tension against
breakup. By increasing the channel height as the soft wall is
deformed under the flow, the effective contact line between the
two immiscible liquids is increased (see the schematic of Fig. A
in the Supplementary Material). In fact, when the droplet is
¢ generated at the soft wall T-junction, the multiphase flow causes
more deformation than does a comparable single-phase flow.
From the single particle fringe detection results, we validated that
the particle signal is synchronized with the droplet formation,
which means the droplet flow bends the membrane further by the
os capillary pressure of a droplet. Due to this effect, the effective
surface tension force F), is temporarily increased, which produces
an additional stabilizing effect against breakup and further
highlights benefits of using a soft wall in droplet-based
microfluidic devices. Although we have explained qualitatively
70 the droplet formation mechanism in the soft wall T-junction,
further detailed investigation and numerical simulations will be
required to obtain a better understanding.

Conclusions

We have demonstrated that droplet formation with lower
75 polydispersity in drop size can be produced in a soft wall T-
junction compared with a microchannel with conventional rigid
walls. We have designed and tested experimental systems to
study the deformation of the soft wall during droplet formation.
By using a confocal laser-scanning microscope, we measured the
so deformed cross-section of the microchannel and observed that the
soft wall is deformed by the pressure of droplet flow. By placing
fluorescent particles inside the soft wall, the deformation
frequency of the soft wall is obtained by detecting the change in
the particle fringe patterns, which are recorded by a high-speed
ss camera. Comparing droplet shadowgraphy measurements and
soft wall vibrations, we determined that the frequency of
deformation of the soft wall coincides with the droplet formation
frequency. Due to the flexible wall, when the droplets form, the
stresses at the liquid-liquid interface are reduced temporarily as
o compared to the case of drop formation in a confined rigid
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channel and, as a consequence, we find that the soft wall reduces
the polydispersity in the droplet size. We believe that this design
consideration may be useful rather generally in the many areas
utilizing droplet microfluidics.
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