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We investigate capillary pumping in microchannels both experimentally and numerically. Putting two
droplets of different sizes at the in/outlet of a microchannel, there will in general be a flow from the smaller
droplet to the larger one due to the Laplace pressure difference. We show that an unusual flow from a larger
droplet into a smaller one is possible by manipulating the wetting properties, notably the contact line
pinning. In addition, we propose a way to actively control the flow by electrowetting.

icrofluidics allows to manipulate and control flow of small quantities of liquids'*. The field is evolving at

a rapid pace and has the potential to influence diverse subject areas from chemical synthesis and

biological analysis to optics and information technology. However microfluidics is still not used on a
large scale’, which is at least in part due to the complex equipments these systems rely on. Specifically, for a
growing number of applications there is a large demand for flow control and pumping methods in such micro-
channels®. As a consequence, micropumping has become one of the main developing areas in microfluidics and
lab-on-a-chip technology. There have been many pumping methods explored for moving the fluid inside
microchannels®”, but most of these still need rather complex and often large external equipments.

Passive pumps, in which fluid is transferred through microchannels by taking advantage of its intrinsic
properties such as surface tension, molecular diffusion or osmotic pressure are the simplest example of micro-
pumps for microfluidic applications. However the main question here remains how to control the flow. We here
investigate a simple passive pump consisting of a microchannel with the in/outlets connected to water droplets of
different sizes (volumes). Putting two droplets of different size at the in/outlet of a microchannel, there will in
general be a flow from the smaller droplet into the larger one due to the Laplace pressure difference. If the two
drops have the same contact angle, due to its smaller radius of curvature, the smaller of the two droplets generates
a larger Laplace pressure /R, with R the radius of curvature and y the liquid-vapor surface tension; the Laplace
pressure difference then drives the flow. This should therefore result in a flow from the smaller drop into the larger
one'*"?, and the flow will only stop once the smaller drop has been pumped entirely into the larger one'*™'°. That
this need not always be the case, depending on the wetting properties, follows from an explicit calculation of the
Laplace pressure. If the drops are spherical caps, the pressure can be written as %sinﬁ, where R,, and 0 are the
radius of contact line area and contact angle respectively, two experimentally controllable parameters. The
dependence on the contact angle is interesting since the sine function and hence the Laplace pressure is maximum
at 0 = 90°. Therefore, flow from a larger drop, i.e. the one with larger volume, into a smaller one is in principle
possible by manipulating the contact angles. Notably, if the contact angle of the larger drop is close to 90°, and the
small drop is of similar size but has a significantly smaller contact angle, a flow from the large into the small
droplet should be expected. Although the basic idea that the flow is controlled by the radius of curvature and not
the drop size is of course well established'*'!, we show here how it can be used for passive and active pumping.

Results

We study 2 drops on a PDMS microchannel. Due to the pinning of contact line the shrinking or growing of a
droplet may happen either at constant contact area or at constant contact angle. Combining the possibilities for
each droplet there are 4 possible situations. In our experiments we observe three that happen consecutively in
time. First Phase: In the beginning of the process, the contact areas remain constant for both drops, but the contact
angles change. Second Phase: The smaller droplet has fixed contact area but the contact angle of the larger drop
has reached the advancing contact angle 0,5, = 110°; therefore the contact area starts to increase at constant
contact angle (Supplementary Fig. S1). Third Phase: The smaller drop has reached the receding contact angle
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0,.. = 46°, and its contact area starts to decrease at fixed contact
angle. The important observation here is that this sequence happens
because the receding contact angle is significantly smaller than the
advancing one (Supplementary Fig. S1). The contact angle, after
having gently deposited a drop, is 0 = 107° on our PDMS substrate.
Therefore, starting from this angle, the larger droplet will reach its
advancing contact angle much sooner than the smaller drop reaches
its receding contact angle (Fig. 1(d) and (e)). This is also the reason
why ‘phase 4’ is not observed in our experiments. The experimental
data for the three different phases compare favorably to the numer-
ical solutions of the Stokes equation (see Methods) for the geometry
considered here (Fig. 1(b)-(g)). The favorable comparison shows

that solely the wetting properties of the drops determine the flow
speed and hence, inversely, controlling the wetting properties allows
to control the flow. An example of this is that we can create an
unusual flow from a larger into a smaller droplet (Fig. 2). To achieve
this, we make a drop of volume V; and another one with a smaller
volume V), but put the larger droplet on a hydrophobic Teflon sur-
face, so that 0; ~ 90°. The smaller drop is on a hydrophilic glass
surface; we thus have R,,; < R,,, but sinf, < sinf,;. Under these
initial conditions, the pressure in the larger droplet will be larger (P,
> P,), and backflow will occur, as is indeed observed in the experi-
ments (Fig. 2(a)—(c)). In these experiments the initially larger drop
has a constant contact radius (R,,;), i.e. the contact line is pinned, and
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Figure 1 | a) Picture of the cylindrical micro-channel in PDMS. b), ¢) The heights, d), e) the contact angles f), g) the contact radii of the smaller and the
larger droplets respectively. The first phase change happens at t = 2.5 s and the second at t = 9 s. The initial values for the numerics are
H,(t=0) = 1.11 mm, H,(0) = 1.76 mm, R,,;(0) = 0.83 mm and R, ,(0) = 1.28 mm.
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Figure 2 | Illustration of the flow from the larger drop into a smaller one (connected by a rectangular microchannel). The left drop is on glass, the right
oneon PTFE. a) t=0.0 s, b) 6.6 s, ) 9.24 s. d) Evolution of the volumes of the two droplets in time. Rectangular channel of width w = 4.2 mm, height
b= 0.1 mm and length L = 24.75 mm. We are in “phase 2”, with the constants R,,, = 1.96 mm for the smaller drop and advancing angle on glass for the
larger drop 0, = 0,4, = 56°. Lines: numerics.

the initially smaller one has a constant contact angle (0,). The results  of the two surfaces beneath each drop, the more likely it is to observe
of analyzing our movies made by a fast CCD camera operatingat 125  backflow. A few examples of the numerics are shown in Fig. 3, where
frames/s plotted along with the numerical solutions are shown in  we consider the second phase (0,, R,,; = const), with V| > V, ini-
Fig. 2(d). It follows that the larger the difference in wetting properties tially, and plot the pressure difference AP, as a function of the ratio of
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Figure 3 | AP = P, — P, as a function of the ratio of the volumes. The total volume is V; + V, = 25 pl and R,,; = 1.6 mm for all the curves, we are in
“phase 2”. For smaller contact angles of the initially smaller droplet (0,), APis positive in a wider range of V;/V, > 1, so the backflow can be seen with a
larger probability. The grey area corresponds to the range of parameters for which backflow is expected to occur.
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Figure 4| a) Schematic of the bi-directional pumping setup using electrowetting techniques. b) The two drops before turning on the electric potential at ¢
= 0.1 sand ¢) t = 11.7 s. d) A potential difference of E = 900 V is applied, the contact angle and the direction of flow have changed, t = 15.4 s,

e) t=41.0 s.f) V}, V, the volumes of the initially smaller and larger drops respectively. The dimensions of the rectangular channel are width w = 2.5 mm,
height b= 0.12 mm and length L = 16.3 mm. The electrical potential E = 900 V is turned on at t = 15.2 s. R,,;(OFF) = 1.59 mm, R,,;(ON) = 1.83 mm,

R,,, = 1.69 mm. Lines: numerics.
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the volumes, V/V,. Backflow occurs when AP = P, — P, is positive
and % > 1; therefore the plots in Fig. 3 show that for smaller values of
the contact angle of the initially smaller drop, backflow is more
readily observed. This shows that the wetting properties can be used
as a method for active pumping.

Electrowetting: bi-directional pumping. To be able to actively
control the flow and its direction, we use electrowetting techniques
to manipulate the wetting properties of a surface instantly and
temporarily'”~**, We use it here for building a bi-directional active
pump. Directional control using this micropump with such a simple
design can have many applications. For instance, due to its biological
compatibility, it is suitable for practical applications in microfluidic
systems including micro total analysis systems (uTAS) and lab-on-a-
chip systems* 2.

Putting an electrode inside a droplet of water and another one
underneath an insulating surface, one can apply a voltage difference
between the electrodes, which leads to an instantaneous decrease of
the contact angle and hence Laplace pressure of the drop. This hap-
pens because the charges makes it more attractive for the fluid to wet
the surface, due to the polarizability of water molecules”. Therefore,
turning the voltage on and off induces an abrupt change of the
contact angle and can change the flow direction inside our micro-
channels.

If we have two droplets but the smaller one (left hand side of
Fig. 4(a)) has a larger curvature, the flow goes from the smaller
droplet to the larger one. Turning on the voltage, due to the
electrowetting effect the droplet will spread abruptly, have a larger
contact radius and smaller contact angle, and hence a smaller
Laplace pressure. If we make the curvature small enough (smaller
than that of the larger drop on the right hand side), a flow in the
reverse direction is indeed observed. Fig. 4(b)-(e) show that at the
beginning of the experiment, the drop on the left hand side is
evidently smaller and has a smaller curvature than the drop on the
right, and a flow from left to right is observed. Turning on the
voltage (900 V), the smaller drop spreads; the pressure difference
AP changes sign followed by a change in flow direction. The
results for the dynamics compared to the numerical solutions
are shown in Fig. 4(f), for an experiment done in “phase 1” for
which R,,, = const, and there are two different constant values for
R,,1, before and after turning on the voltage.

Discussion

In summary, we have shown experimentally that a system of two
droplets of different sizes at the ends of a microchannel can behave in
three different ways. Considering these different possibilities, we
developed a numerical scheme needed for dealing with the system
and the importance of the different phases for observing a flow from
the larger droplet into the smaller one was shown. In addition, by
changing the properties of the surface beneath each droplet we can
generate situations in which we get a backflow by choosing the
appropriate initial conditions. This provides a different possible
interpretation of the experiments by Berthier, Beebe and Ju
et al>**, who observed backflow in situations similar to the ones
described here. They argue that inertia, originating from a rotating
flow in the larger droplet, is responsible for the backflow. However,
the Reynolds number in their experiment being Re=pU R/y
~1072, where U is the velocity, p the density and 5 the viscosity,
casts some doubt on their interpretation of the experiments.

In addition, we have shown by taking advantage of dynamic
manipulation of the effective surface properties by electrowetting,
that a bidirectional micropump can be made. The possibility of
changing the flow direction back and forth by simply turning the
voltage off and on, can make the capillary pumping method a power-
ful tool in microfluidic technologies.

Methods

The first part of our experiments were performed on polydimethylsiloxane (PDMS,
Sylgard 184, Dow Corning) blocks with a channel, made by pouring the uncured
PDMS over a strained wire as a mold and baking it in an oven at 80° for 5 hours. After
pulling out the wire through the PDMS, we close the two ends (where the wire was
taken out) with small drops of instant glue. We punch two holes perpendicular to the
channel through the PDMS for the inlet and outlet. By this method we manufactured
cylindrical channels of length L = 25.5 mm and diameter D = 110 um (Fig. 1(a)).
After the channel was filled completely with water, using a syringe, we put two
droplets with different sizes (each on the order of few ) at the outlets of the channel.
As the smaller droplet is emptying into the larger one, the height of the droplets and
their contact radii were measured by analyzing the movies made with a CCD camera
at 20 frames/s.

The backflow experiments were performed on channels made by sandwiching a
Parafilm, with the channel carved out in it, between two microscope slides. We used a
sand jet perforating technique to make in/outlets through one of the glass slides. To
change the wetting properties we attached a layer of Teflon (PTFE) tape around one of
the outlets, leaving the other side to be just glass.

The electrowetting setup is sketched in Fig. 4(a). We attach a layer of Teflon tape of
thickness 0.25 mm to the upper glass surface, with an aluminized film under the
Teflon tape around one of the outlets, that functions as one of the two electrodes.

Experimentally, the shapes of the droplets are spherical caps of height H; we need
not cons;ldzer gravity because for all cases considered here the Bond number,

2%
Bo=

For the numerics, we consider two droplets at the outlets of a channel of length L, with
the Laplace pressures, P; and P, for drops of radii R, and R,, we have:

is significantly smaller than unity; here g is the gravitational acceleration.

2y 2 2 2y
AP=P,—Py= L 2V _ 2 G — Y sing,. (1)
Ri Ry Ry Ry
For Poiseuille flow, the flow rate is then Q = K, AP, where for a cylindrical channel
D! b
Ku= L, and for a rectangular channel K., = W—, with a channel height b and
128nL 12nL

width w, where w > b. Generally K, depends on the geometry of the channel and the
fluid viscosity. The larger the value of K, the higher the average flow rate in the
channel for a given drop pressure. Therefore this parameter can be used to tune the
flux in the microchannel. To quantify the dynamics, we solve the problem numer-
ically. The flow rate is equal to the rate of volume change for each drop,ie. Q = —dV,/
dt = dV,/dt, where generally V| is the volume of the shrinking droplet (usually the
smaller drop), and V; is that of the growing one (usually the larger one). Combining
the above equations we arrive at:

v, dv; 2y 2y
_E ok, (2. 2
e dr (R1 R @

Using trigonometric relations for spherical caps, one can find expressions for the
volume of a droplet in terms of two independent parameters such as the height H, the
contact radius R,, or contact angle 0 of the drop. Therefore, using Eq.(2) for each
phase, we will end up with 2 coupled differential equations for the height of the
droplet for each phase (see Supplementary). With the initial conditions given by the
experiments, we can solve the equations numerically using Runge-Kutta methods.

1. Tabeling, P. Introduction to Microfluidics. Oxford (2005).

2. Squires, T. M. & Quake, S. R. Microfluidics: fluid physics at the nanoliter scale.
Rev. Mod. Phys. 77, 977-1026 (2005).

3. Whitesides, G. M. The origins and future of microfluidics. Nature 442, 368-373
(2006).

4. Stone, H. A,, Stroock, A. D. & Ajdari, A. Microfluidics toward a lab-on-a-chip.
Annu. Rev. Fluid Mech. 36, 381 (2004).

5. Gallardo, B. S. et al. Electrochemical principles for active control of liquids on
submillimeter scales. Science 283, 57-60 (1999).

6. Unger, M. A. et al. Monolithic microfabricated valves and pumps by multilayer
soft lithography. Science 288, 113-116 (2000).

7. Chang, S. T., Paunov, V. N, Petsev, D. N. & Velev, O. D. Remotely powered self-
propelling particles and micropumps based on miniature diodes. Nat. Mat. 6,236
(2007).

8. Chen, L, Lee, S., Choo, J. & Lee, E. K. Continuous dynamic flow micropumps for
microfluid manipulation. J. Micromech. Microeng. 18, 013001 (2008).

9. Jackson, D. P. & Sleyman, S. Analysis of a deflating soap bubble. Am. J. Phys. 78,
990 (2010).

10. Walker, G. M. & Beebe, D. . A passive pumping method for microfluidic devices.

Lab Chip 2, 131-134 (2002).
. Berthier, E. & Beebe, D. J. Flow rate analysis of a surface tension driven passive
micropump. Lab Chip 7, 1475 (2007).

12. Chen, 1. J., Eckstein, E. C. & Lindner, E. Computation of transient flow rates in
passive pumping micro-fluidic systems. Lab Chip 18, 107 (2009).

13. van Lengerich, H. B., Vogel, M. ], Steen, P. H. Coarsening of capillary drops
coupled by conduit networks. Phys. Rev. E 82, 066312 (2010).

14. Boys, C. V. Soap Bubbles: Their Colours and the Forces Which Mould Them. Dover
reprint (1890).

15. Bouasse, H. Capillarité: Phénomenes Superficiels. (1924).

1

—

| 3:1412 | DOI: 10.1038/srep01412



16. de Gennes, P. G., Brochard-Wyart, F. & Quérée, D. Capillarity and Wetting
Phenomena: Drops, Bubbles, Pearls and Waves. Springer (2004).
17. Wheeler, A. R. Putting electrowetting to work. Science 322, 539 (2008).
18. Prins, M. W. J., Welters, W.J. ]. & Weekamp, J. W. Fluid control in multichannel
structures by electrocapillary pressure. Science 291, 277 (2001).

. Shui, L. & Pennathur, S. Multiphase flow in lab on chip devices: A real tool for the
future? Lab Chip 8, 1010 (2008).

. Mugele, F. & Baret, J. C. Electrowetting: from basics to applications. J. Phys. Cond.
Mat. 17, 705 (2005).

. Neuzil, P., Giselbrecht, S., Linge, K., Huang, T. J. & Manz, A. Revisiting lab-on-a-
chip technology for drug discovery. Nat. Rev. Drug. Disc. 11, 620-632 (2012).
22. Bocquet, L. & Lauga, E. A smooth future? Nat. Mat. 10, 334337 (2011).
23. Ledesma-Aguilar, R,, Nistal, R., Hernndez-Machado, A. & Pagonabarraga, I.
Controlled drop emission by wetting properties in driven liquid filaments. Nat.
Mat. 10, 367371 (2011).
24. Yager, P. et al. Microfluidic diagnostic technologies for global public health.
Nature 442, 412-418 (2006).

. Zhang, C., Xing, D. & Li, Y. Micropumps, microvalves, and micromixers within
PCR microfluidic chips: advances and trends. Biotech. Adv. 25, 483-514 (2007).

26. Pilarek, M., Neubauer, P. & Marx, U. Biological cardio-micro-pumps for
microbioreactors and analytical micro-systems. Sensors and Actuators B:
Chemical. 156, 2, 517-526 (2011).

. Bonn, D., Eggers, J., Indekeu, J., Meunier, J. & Rolley, E. Wetting and spreading.
Rev. Mod. Phys. 81, 2, 739 (2009).

. Ju, J. et al. Backward flow in a surface tension driven micropump. J. Micromech
Microeng. 18, 087002 (2008).

.Ju,J., Park, J. Y., Beebe, D.]. & Lee, S. H. Mathematical and experimental study on
backward flow in a surface tension driven micropump. Proc. 12th Int. Conf.
Miniaturized Systems 44-46 (San Diego, Oct 12-16 2008).

1

Nel

2

f=}

2

—

2

v

2

~

2

o

2

Nel

Acknowledgments

This work was partly supported by Center for International Research and Collaboration
(CISSC), and the French embassy in Tehran. The authors gratefully acknowledge support
by the Institute for Advanced Studies in Basic Sciences (IASBS) Research Council under
grant No. G2010IASBS103. The authors also thank Hosein Naseri. LPS de 'ENS is UMR
8550 of the CNRS, associated with the Universities Paris 6 and 7.

Author contributions

AJ., E.S.and M.H. performed the experiments. F.S. prepared figure 1, A.J. prepared figures
2,3 and 4. D.B. wrote the manuscript. All authors did the theoretical work and reviewed the
manuscript.

Additional information

Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

License: This work is licensed under a Creative Commons
Attribution-NonCommercial-ShareALike 3.0 Unported License. To view a copy of this
license, visit http://creativecommons.org/licenses/by-nc-sa/3.0/

How to cite this article: Javadi, A., Habibi, M., Taheri, F. S., Moulinet, S. & Bonn, D. Effect of

wetting on capillary pumping in microchannels. Sci. Rep. 3, 1412; DOI:10.1038/srep01412
(2013).

| 3:1412 | DOI: 10.1038/srep01412


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by-nc-sa/3.0

	Title
	Figure 1 
	Figure 2 Illustration of the flow from the larger drop into a smaller one (connected by a rectangular microchannel).
	Figure 4 
	References

