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We report the interaction of counter elastocapillary flows in parallel microchannels across a thin
membrane. At the crossing point, the interaction between the capillary flows via the thin membrane
leads to significant retardation of capillary flow. The drop in velocity at the crossing point and
velocity variation after the crossing point are predicted using the analytical model and measured from
experiments. A non-dimensional parameter J, which is the ratio of the capillary force to the mechanical restoring force, governs the drop in velocity at the crossing point with the maximum drop of about
60% for J ¼ 1. The meniscus velocity after the crossing point decreases (J < 0.5), remains constant
(0.5 < J < 0.6), or increases (J > 0.6) depending on the value of J. The proposed technique can be
applied for the manipulation of capillary flows in microchannels. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4964264]

Transport of liquids in microfluidic devices is enabled
by various passive and active techniques.1 Even though
active techniques hold better control and higher throughput,
passive techniques such as capillary flows are the most
sought-after techniques owing to their simplicity, lean
design, ease of operation, and power-free nature.2 The interest towards passive techniques has resulted in an unprecedented research progress in capillary flows in microchannels
and, in turn, leads to many interesting studies including elastocapillarity3–7 and paper microfluidics.8,9 Dynamics of
capillary flow in nanochannels has been studied recently.10,11
In nanochannels, due to relatively higher Laplace pressure,
liquid condensation and gas dissolution have a considerable
effect on the capillary filling dynamics.11 The lack of control
in the case of capillary flows in micro and nano channels has
been reported as the major limitation of the technique.12
Enhanced flow velocity can lead to faster response whereas
flow retardation can provide longer incubation time.13,14
Enhancement of capillary flow in a flexible channel in comparison to that in an identical rigid channel was reported.3,4
Passive transport of a liquid plug by increasing the radius of
curvature at one of its ends with the help of elastocapillary
flow was achieved.5 Pre-programmed and self-powered
microfluidic circuits have been built from capillary elements.15 However, this can only be attained by carefully
designing the channel, making the design highly specific.
Apart from shape and size, passive flow control of liquid at a
specified position can also be achieved through surface patterning16 and material modification. A complex fabrication
procedure and lack of versatility in the design are bound to
this method. Another technique used to control capillary
flow is by changing channel geometry due to membrane
deflection caused by mechanical actuators.17 Capillary flow
of a primary liquid (PL) was retarded or stopped with the
help of a control fluid by varying the pressure of the control
fluid.17 Although the driving mechanism is passive, an
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external actuator is required to control the flow in either of
these techniques. Here, we report the control of capillary
flow due to the interaction of counter capillary flows in parallel adjoining microchannels across a thin membrane. By
using theoretical model and experiments, control of capillary
flow of a primary liquid with the help of capillary flow of a
controlling liquid (CL) is demonstrated. We showed that it is
possible to achieve a significant drop in velocity at the crossing point and control velocity after the crossing point by
appropriate selection of a nondimensional parameter J which
governs elastocapillary flow.
The device was fabricated by bonding two straight
PDMS (polydimethylsiloxane) microchannels with a thin
PDMS membrane bonded between the two (Fig. 1(a)). The
microchannels (width 700–1300 lm and height 75–120 lm)
were prepared using photolithography followed by soft
lithography using PDMS polymer (Sylgard 184, Dow
Corning).18 Thin membranes of thickness 25–50 lm were
prepared by spin coating the prepolymer on a plexiglass
sheet and baking in an oven. The membrane and channels
were bonded together after oxygen-plasma exposure. The
device was used at least 6–8 h after the bonding to allow
time for the surface properties to stabilize. The device was
mounted horizontally on the stage of an inverted microscope
(AxioVert A1, Zeiss). Droplets of liquid (0.1 ml) were generated at the ends of two capillaries connected to a syringe
pump via a T-connector (Fig. 1(b)). The ends of the capillaries were held vertically, one at each inlet, to insert droplets
simultaneously into both inlets. Please note that the droplets
are introduced into the channel at atmospheric pressure and
zero initial velocity so there is no influence of the syringe
pump on the capillary flow of liquid in the channels.
Experiments were performed with different liquids: mineral
oil, silicone oil, and propan-1, 2-diol. The position of the
menisci in the primary channel (PC) and controlling channel
(CC) was recorded with a high speed camera (FASTCAM
SA3, Photron) attached to the microscope. The distance travelled by the liquid menisci with respect to time was obtained
using the scales engraved alongside the channels.
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FIG. 1. (a) Exploded view of the PDMS
microchannel device. (b) Insertion of
liquids at the inlets of the PC and CC
during experiments. Schematic diagram
showing positions of PL and CL
menisci and membrane deflection pattern (c) before the crossing point, x-z
cross-sectional view, menisci of PL and
CL are, respectively, at x and l  x ,
point of maximum inward deflection for
PL and CL, respectively, at x^ and l  x^
(d) before the crossing point, y-z crosssectional view, (e) after the crossing
point, x-z cross-sectional view, point of
maximum outward deflection at x0 and
l  x0 (f) after the crossing point, y-z
cross-sectional view, (g) at the crossing
point, x-z cross-sectional view, and (h)
at the crossing point, y-z cross-sectional
view.

For theoretical modeling, consider a thin rectangular
membrane of flexural rigidity D, Poisson’s ratio , width w,
length l, and thickness tm with its edges y ¼ 6w=2 built-in
(Figs. 1(c)–1(h)). The membrane is sandwiched between two
identical rectangular microchannels (i.e., primary and controlling channels, also referred to as channels 1 and 2, respectively) of width w and height h (w  h) and length l. We
take that liquids in both channels are the same and moreover,
they are inserted into the corresponding inlets at the same
time so the menisci cross each other at x ¼ l=2. Quasi-static
analysis of the membrane is adequate since the characteristic
time scale of capillary flow is much larger than the reaction
time of the membrane to the load due to Young-Laplace pressure.19 Since Re  1, fluid inertia is negligible compared to
viscous force and flow can be assumed to be quasi-static.
Depending on the relative position of the menisci, we analyze
the problem: before the crossing point, at the crossing point,
and after the crossing point.
First, we consider a case before the liquids in the primary channel (PC) and controlling channel (CC) cross each
other (Figs. 1(c) and 1(d)). Let us assume that the liquids are
sufficiently far away from each other so that the controlling
liquid (CL) has no influence on the primary liquid (PL). In
that case, the dynamics of liquid in the PC is similar to that
of a liquid present in a single flexible channel that we
reported earlier.4 Two deflection extrema each at x^ and l  x^
are present in the deformed membrane profile, each owing to
the Young-Laplace pressure jump across the corresponding
meniscus. The distance travelled by the meniscus x with
time t in the
PC is given by4 modified Washburn’s law as
p
ﬃ
x ðtÞ ¼ Wd t and modified Washburns’ constant Wd is
given in Eq. (S1) (supplementary material). The effect of
wall compliance appears in the non-dimensional parameter
 2
J ¼ 4a lhec a4 which is the ratio of surface tension force to
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
elastic deformation force, lec ¼ D=r cos h is the elastocapillary length. The value of constant a ¼ 1=386 (from

simulations4), a is the channel aspect ratio (a ¼ w=h), r is
the surface tension of the liquid, and h is the contact angle of
pﬃ
the liquid with channel wall. From x ðtÞ ¼ Wd t, velocity of


the meniscus is obtained as vs ¼ dxdt ¼

Wd2 1
2 x ,

ranged to seek the effect of J as, u~ ¼ 1J

 
bh
3l

which is rearF 1 ð^
nÞ
~ is the
CX , u

non-dimensional velocity given by vs =Ucap , where Ucap is
h
the capillary velocity given by20 r cos
l , X is the normalized
distance given by x =l. The effect of channel geometry is
realized via the factor bh=3l. The length taken by the membrane to relax back to zero deflection lrs is assumed to be
very small compared to the channel length l, which is verified through simulations (Table S1, supplementary material).
The menisci start interacting only when the distance between
them is smaller than the restoring length lrs .
Next, we consider the case after the menisci cross
each other and are sufficiently away from the crossing point
(Figs. 1(e) and 1(f)). We consider that the pressure variation
is linear along each liquid (i.e., increases from the meniscus
toward upstream similar to Poiseuille flow) and thus realize
an abrupt change in the pressure acting on the membrane pm
at each meniscus. This results in two deflection extrema at
short distances after and before each meniscus. We can split
the PC into five distinct regions (A to E) so the pressure
acting on the membrane pm ðxÞ (positive along the z-axis) is
a split function (see Eq. (S3) in supplementary material).
Deflection of membrane at any ðx; yÞ is given by xð x; yÞ
¼ dðxÞð1  4ðwy Þ2 Þ2 except in regions B and D (high gradient), dðxÞ is the maximum deflection at any x given by
dð xÞ ¼ apm ð xÞw4 =D;

so n ¼

d apm ðxÞw4
:
¼
Dh
h

(1)

Due to symmetry, dðxÞ ¼ dðl  xÞ. The deflection at the
meniscus d can be taken as an average of extrema d
¼ ð^d þ d0 Þ=2 (verified using simulations, see Table S3 in
supplementary material), where ^d and d0 are the extrema that
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occur before and after the menisci, respectively. In the case
of channels of high aspect ratios (i.e., a  1), the YoungLaplace pressure drop across the meniscus located at x is
given by




1
1
2r cos h
1
1
Dp1 ¼ 2r cos h
¼
þ
þ
h þ d w
h
1 þ n a
1
0


2r cos h
1
2r cos h
1

:

B
^n þ n0 C
h
1 þ n
h
A
@
1þ
2
(2)
Also, using Eq. (S4) (supplementary material) and Eq. (1),
we get
Dp1 ¼ pm ðl  x0 Þ  pm ðx^Þ ¼

Dh  0 ^ 
n n :
aw4

(3)

By eliminating Dp1 from Eqs. (2) and (3) and accepting
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
appropriate solution for n0 , we get n0 ¼ 1 þ ð1 þ ^nÞ2 þ J .
Using the modified cross-sectional area in Eq. (S5) (supplementary material) and flow rate in Eq. (S8) in supplementary
material, the velocity of the meniscus in PC and the corresponding non-dimensional velocity, respectively, are
obtained as
 
bDh3 F1 ðn0 Þ
1 bh F1 ðn0 Þ
; u~ ¼
: (4)
v¼
J 3l Cð1  XÞ
12laCw4 ðl  x Þ
Integrating the Eq. (S9) (supplementary material) in region
C (i.e., from x ¼ ðl  x^Þ to x ¼ x^  x and n ¼ ^n
to n ¼ ^
n), we get the non-dimensional velocity of the meniscus as
 
 
1 bh
F2 ^n
;
u~ ¼
J 3l Cð2X  1Þ




683
1:89  n
3325
1 8041
F2 ðnÞ ¼
log
tan
n :

5000
1:89 þ n
5000
6250
(5)
The expression for n0 along with Eqs. (4) and (5) is numerically solved using MATLAB to obtain the velocity of the
meniscus at different positions after the crossing point.
Further, we consider the case at a very small instant after
the crossing point where the menisci are still close to each
other (Figs. 1(g) and 1(h)). The menisci cross each other at
x ¼ l=2 if the liquids are inserted into both channels at the
same time. Following a similar approach as taken in the previous case, we realize that pm ðxÞ is almost zero in the region
between the menisci and pm ðxÞ changes abruptly at each
meniscus. Therefore, the membrane profile in the region
between the menisci is monotonous without any deflection
extrema ð^
n ¼ 0Þ. Maximum deflection n0 occurs after the primary liquid meniscus x0 and minimum deflection (n0 Þ
occurs after the controlling liquid meniscus (l  x0 Þ. By solving Eq. (S11) (supplementary material) using n ¼ n0 =2
(simulations, valid with an error of 10%, supplementary
material, Table S4), we obtain
deflection of the membrane at
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
crossing point n0c ¼ 1 þ 1 þ J . We can conclude that n0c

in the PC suddenly becomes positive (upward) at the crossing point (since J is positive). Thus, the pressure jump across
the meniscus rapidly decreases leading to a sudden drop in
the meniscus velocity at this point. Before the crossing
point, the membrane deflection
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ at the meniscus is negative
(downward) (^n ¼ 1 þ 1  J ) (Eq. (S2), supplementary
material). Similar to the case after the crossing point, the
velocity of the meniscus at the crossing point is found by
integrating the expression for R1 from x ¼ 0 to x ¼ ðl  x0 Þ
bDh3 F1 ðn0 Þ
, the modified crosswhich results in vc ¼ 12alC
w4 ðlx0 Þ
c

0

(Eq. (S12), supplementary
sectional area Cc ¼ 1 þ 4n
15
material). The velocity of the liquid meniscus before the
crossing point is given in Eq. (S13) (supplementary material). So the drop in the meniscus velocity is
j¼1

vc
F1 ðn0 ÞCc
 
¼1
:
vs
F1 ^n Cs

(6)

From Eq. (6), we observe that the percentage drop in the
meniscus velocity is purely a function of J. Moreover, we
can show that Eq. (6) remains the same even if liquids are
inserted at different times. Therefore, the percentage drop in
the velocity does not change with the location of the crossing
point, which is verified using experiments.
Fig. 2 shows the variation of the meniscus velocity
u~ ¼ ðv=Ucap Þ in the PC at different positions X ¼ x =l for
 2
different values of J ¼ 4a lhec a4 , which can be controlled

by varying channel dimensions, membrane thickness, and
liquid properties. At any location before the crossing point,
meniscus velocity was found to be directly proportional to J.
The PL meniscus velocity decreases from the inlet until
the point where the menisci cross each other, i.e., x~ ¼ 0:5;
the rate of decrease was found to be independent of J. The

FIG. 2. Non-dimensional velocity of the PL meniscus u~ with X predicted
using the theoretical model, for different J values; (inset) Comparison of
model predictions and experimental data (filled squares with error bars) for
u~ versus X for J ¼ 0.47, error bars represent uncertainty in the experimental
data due to the resolution of the scale; (inset) Experimental images showing
PL and CL menisci shapes at different positions: before the crossing point,
at the crossing point, and after the crossing point, the PL meniscus curvature
is indicated by rz , propan-1, 2-diol as working liquid and channel 1000 lm
 110 lm, fitting parameters: lec ¼ 1:352 mm and Ucap ¼ 494:4 mm=s.
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decrease in velocity is attributed to the increase in viscous
resistance as the capillary flow meniscus progresses. At the
crossing point, a sudden drop in the meniscus velocity is
observed for all J values due to the upward deflection of the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
membrane, as evident from n0c ¼ 1 þ 1 þ J in the model.
Experiments were performed to study the variation of u~ with
X for different J values. Fig. 2 (inset) shows the comparison
between model predictions and experimental data for
J ¼ 0.47, which shows a good agreement within 10%. Since
PDMS is known to be gas permeable, the presence of nanoscale gas bubbles on the channel surface may also have influence on the capillary flow.10,11 Although, consideration of
this phenomenon is very challenging, this may be a source of
error which is responsible for the deviation of the theoretical
modeling results from the experimental data. The experimental data also show a sudden drop in velocity at the crossing
point similar to the model. The change in the sign of n at
the crossing point is also evident from the PL meniscus
shape before and at the crossing point (insets in Fig. 2).
Before the crossing point, the radius of curvature at the center of the meniscus rz is negative indicating inward deflection
of the membrane.21,22 At the crossing point, rz suddenly
becomes positive, which is due to the outward deflection of
the membrane.5
Model predictions show that the PL meniscus velocity
decreases, remains constant, or increases after the crossing
point depending on the value of J. At smaller J values i.e.,
J < 0.5, the membrane deflection toward the primary liquid
is relatively smaller; thus, the change in height of the channel
at the meniscus is insignificant. Consequently, the increment
in the pressure drop across the meniscus Dpm is lower as
compared to that in the viscous pressure loss Dpv so the
meniscus velocity decreases downstream. After the crossing
point, the downward pressure acting on the membrane
decreases so consequently the height of the PC decreases
which is evident from the increase in the radius of curvature
of the meniscus rz after the crossing point compared to that
at the crossing point (inset in Fig. 2). For J ¼ 0.5 to 0.6, the
meniscus velocity remains almost constant downstream after
the crossing point, which indicates a balance between the
increment in the pressure jump across the meniscus Dpm and
that in the viscous pressure drop Dpv . For J > 0.6, the meniscus velocity increases downstream since the increment in
Dpm is higher than that in Dpv . Fig. 3 shows the variation of
percentage drop in velocity (Eq. (6)) at the crossing point
with J predicted using the model and obtained from experiments, which show good agreement within a maximum error
of 15%. The percentage drop in velocity is found to increase
with increase in the J value. As the J value increases, the
change
in the
deflection at the crossing point (n0c  ^n s
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ 1 þ J  1  J ) increases which leads to the increase
in percentage drop in velocity. For J ¼ 1, a maximum of
60% drop in the meniscus velocity is observed from both
model and experiments just prior to the membrane collapse
for J > 1. Experiments were performed by changing the time
interval between the insertions of the liquids at the PC and
CC inlets which showed that the percentage drop in the
meniscus velocity at the crossing point is independent of the
position of the crossing point (inset in Fig. 3).
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FIG. 3. Percentage drop in PL meniscus velocity u~ with non-dimensional
parameter J at the crossing point, theoretical predictions (solid line) and
experimental data (filled squares with error bars), fitting parameter:
lec ¼ 1.372 mm, membrane collapses for J > 1 (inset) percentage drop in u~
with positions of the crossing point X, channel 1000 lm  75 lm, theoretical predictions (solid line) and experimental data (filled squares with error
bars), error bars represent uncertainty in the experimental data due to the
resolution of the scale.

In conclusion, we investigated the interaction of elastocapillary flows in parallel microchannels across a thin membrane using theoretical model and experiments. At the
crossing point, a significant drop (over 60%) in the meniscus
velocity was observed for J ¼ 1 prior to membrane collapse.
After the crossing point, meniscus velocity decreases for
J < 0.5, remains constant for 0.5 < J < 0.6, and increases for
J > 0.6. The proposed technique could be applied for passive
control of capillary flows in microchannels. Also, it could
motivate further research on the interaction between fluids
and flows across thin membranes and compliant structures.
See supplementary material for the supporting derivations of the theoretical model and supporting data obtained
using structural simulations.
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