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Simulations show how the flow and phase behavior of binary fluids in microchannels can be regulated
by introducing solvophilic and solvophobic patches onto the underlying substrate. Depending on the
arrangement of these patches, the two fluids can be driven to “switch” positions or undergo extensive
mixing within a specific region of the channel. The results open the possibility for creating spatially
controlled reaction chambers within microfluidic devices.

Introduction
Microfluidics, involving the transport of minute quantities of liquids in networked channels that are 10-100
microns wide, lies at the heart of the “lab-on-a-chip”
concept, which has the potential to shrink a room full of
analytical instruments onto a compact, hand-held device.
Such devices offer distinct advantages over traditional
instrumentation: only nanoliters of samples and reagents
are needed for assays, sampling-to-result time is extremely
short, and multiple chemical processes can be performed
on a single chip. An important stumbling block currently
limiting the widespread use of lab-on-a-chip systems is
the lack of simple methods for mixing fluids, a crucial
step in many chemical reactions. Liquids in microfluidic
systems typically move parallel to each other, exhibiting
laminar rather than turbulent flow; thus, these fluids do
not undergo extensive mixing. Here, we simulate the flow
of binary fluids on a chemically patterned substrate, which
contains patches of wettable and nonwettable domains,
and show that this surface not only acts as a switching
device, routing the fluids to different regions in the
microchannel, but also behaves as a “mixing station” where
the fluids form a homogeneous mixture within a spatially
localized region of the system.
To realize the advantages offered by microfluidic devices,
it is crucial to understand and ultimately predict the
behavior of multicomponent fluids in micron-sized channels. Conventional computational methods are ill-suited
for encompassing the range of length scales that characterize these systems: molecular-scale interactions that
control the miscibility between the different fluids,
nanoscale forces (e.g., surface tension) that play a dominant role in the behavior of confined liquids,1-10 and the
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complex micron-scale dynamics that arise from these two
phenomena. In this paper, we adopt the lattice Boltzmann
model for fluid dynamics, which both captures the
thermodynamic behavior of multiphase fluids11,12 and can
predict flow patterns in micron-sized pores.13 Below, we
introduce a method for incorporating the nanoscopic
interactions between the fluids and underlying substrate,
which allows us to simulate multicomponent flow in
microfluidic systems and isolate the factors that govern
both the thermodynamic and kinetic behavior. More
generally, this paper presents the first computational
study of fluid flow on patterned substrates and the results
reveal how the fluid dynamics and surface characteristics
influence the flow patterns in the system.
Model
We consider the flow of two immiscible fluids, A and B,
through the narrow channel shown in Figure 1, which
represents a bird’s eye view of the system. Fluid A
represents, for example, an organic solvent, and B can
represent an aqueous solution; if such immiscible fluids
can be driven to mix through the proposed scheme, then
the effect will be even more pronounced for more miscible
components. A Poiseuille flow is imposed on the fluids by
applying a constant pressure gradient along the Xdirection. We introduce chemically distinct patches onto
the floor of the channel. In particular, we place a B patch
(which attracts the B component preferentially) within
the A stream and an A patch within the B stream (see
Figure 1). The contiguous A and B patches form a square
“box” that spans the width of the channel; our system
contains two boxes separated by a distance l. Experimentally, such chemically distinct regions can be created
through microcontact printing14 or a combination of
photolithography and self-assembled monolayer chemistry.3,6
The dynamics of the binary fluid inside the channel in
Figure 1 is described by a Navier-Stokes equation (eq 1)
and a convection-diffusion equation (eq 2) for the order
parameter, which characterizes the local composition of
the binary fluid, φ(r) ) FA(r) - FB(r), where FA(r) and FB(r)
are the number densities of each liquid. The convectiondiffusion equation relates the evolution of φ to local
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Figure 1. Schematic drawing of the channel filled with an A/B binary fluid. Blue represents the A-rich phase, and yellow indicates
the B-rich phase. Boxes 1 and 2 mark the pairs of chemically distinct patches. Letters within each box indicate the chemical nature
(A- or B-like) of the patch.

Figure 2. Simulation results showing the distribution of the order parameter, φ, in the system at steady state when the boxes
are separated by l ) 200. Blue represents the A-rich phase, yellow indicates the B-rich phase, and pink marks the homogeneously
mixed phase. Arrows mark the direction and magnitude of the velocity. The size of the arrow is proportional to the absolute value
of the velocity. Parameters for the interaction potential are C ) 0.05 and r0 ) 5. Fluid parameters are λ ) 1.1, k ) 0.01, and η
) 0.07. In addition, fp ) 2.5 × 10-5 and temperature is T ) 0.5.

changes in the chemical potential µ. Given that F ) FA +
FB is the total fluid density, b
u is the fluid velocity, η is the
viscosity, D is the diffusion coefficient, P is the pressure
tensor, and Bis
f the external force, the two equations are15

F∂tb
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b∇)u
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B + η∆u
b + Bf
b) ) D∆µ
∂tφ + ∇(φu

(1)
(2)

To determine the particular pressure, chemical potential, and the external force that acts on an element of fluid
in the system, we define the free energy F as

F)

∫[ψ0 + ψk + ψcpl] drb

(3)

The term ψ0 describes the free energy of a homogeneous
binary fluid, including a repulsive term λFAFB between
the two components:12
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parameter and the chemically distinct patches. We choose
the following form for the potential:16
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where the constant C gives the strength of interaction
and r0 describes the effective radius of the interaction.
The constants φA and φB are the equilibrium order
parameter values of the A and B phases, respectively. It
is through ψcpl that we model the preferential wetting
interactions; namely, the B-rich phase is preferentially
favorable around Y2 and the A-rich phase is favored around
Y1 in box 1 (see Figure 1). The reverse situation applies
in box 2. Outside boxes 1 and 2, ψcpl ) 0 and the binary
fluids undergo phase separation for temperatures smaller
than the critical value T < λ/2.
The relevant chemical potential and pressure are
derived from the free energy as 12

µ ) δF/δφ ) ∂φψ0 + ∂φψcpl - k∆φ

(6)

PRβ ) p0δRβ + k(∂Rφ∂βφ - 1/2δRβ∂γφ∂γφ - φ∂γ∂γφδRβ)
(7)

The second term, ψk ) k(∇φ)2/2, is the energy of the
interface between two phases, where k is a measure of the
surface tension. The last term ψcpl is an interaction
potential that introduces a coupling between the order

where PRβ are the components of the pressure tensor and
p0 ) -(ψ0 + ψcpl) + F∂Fψ0 + φ∂φ(ψ0 + ψcpl).
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Figure 3. Order parameter distribution when boxes 1 and 2 are placed next to each other. (a) Enlargement of outlined region.
Parameters are the same as in Figure 2. In (b)-(d), the following parameters are altered: fp ) 8 × 10-5 in (b), r0 ) 10 in (c), and
T ) 0.53, r0 ) 10 in (d).

Finally, we define the force Bf in eq 1 as fx ) -∂xψcpl +
fp and fy ) -∂yψcpl where -fp is the constant pressure
gradient that imposes Poiseuille flow. With these expressions for the forces, µ and P, our system is fully described
by eqs 1 and 2 and the following boundary conditions at
the channel walls: b
u|y)0,h ) 0 and ∂yφ|y)0,h ) 0.
Equations 6 and 7 and the force terms serve as input
into the lattice Boltzmann algorithm, which in turn yields
a numerical solution to the modified Navier-Stokes and
convection-diffusion equations. Details of the algorithm
are given in ref 12.
The lattice Boltzmann simulation is carried out in two
dimensions on a grid that is 440 × 24 lattice sites with
periodic boundary conditions along X. Each box occupies

20 × 24 sites. For the values of the chosen parameters
(see Figures 2-4); each lattice spacing corresponds to
roughly 4 microns, and the Reynolds number is ∼5, which
corresponds to laminar flow.17 The imposed flow field
corresponds to a fluid velocity of tens of cm s-1. Thus, we
are in the region of experimental interest for microfluidic
systems. As we show below, varying the position of the
boxes within the channels can lead to either switching or
mixing of the components in microfluidic devices.
(17) We equate our parameters to typical experimental values as
follows: F ) 103 kg m-3, η ) 4 × 10-3 kg m-1 s-1, and pressure p0 )
105 N m-2. This gives a time step of t ) η/p0 ≈ 4 × 10-7 s, a lattice
spacing of y ) t(p0/F)1/2 ≈ 4 × 10-6 m, a channel width Ly ≈ 10-4 m, a
fluid velocity of ≈0.1-0.5 m s-1, and a Reynolds number ) uLyF/η ≈
5.
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Figure 4. Value of φ/φ0 along the Y direction evaluated across
the middle of boxes 1 and 2 (X1 and X2, respectively, in Figure
1). φA ) -φ0 and φB ) φ0 are the order parameter values for the
A-rich and B-rich phases, respectively. Curves marked (a)-(d)
correspond to the respective cases in Figure 3.

Results and Discussion
In the first of two studies, boxes 1 and 2 are separated
by a distance of l ) 200 (see Figure 1). In box 1, a B
patch is placed in the A stream and an A patch is placed
in the adjacent B stream. Initially, the A fluid is localized
in the “top” of the figure and the B is localized at the
“bottom”. Due to the imposed flow, the A (B) fluid is driven
to pour over the B (A) patch. At this point, however,
thermodynamics (preferential wetting interactions)
affects the pattern. The free energy of the system is
minimized if each fluid moves to the more wettable
domain, driving A to the bottom and B to the top. Thus,
box 1 acts as a “switching” device, routing the fluids
to different parts of the channel, as seen in Figure 2,
which shows the steady-state distribution of the composition, φ(r). The enlarged regions also show the velocity profile within each box, indicating the magnitude
and direction of flow. The larger arrows correspond
to higher velocities. After box 1, the imposed pressure keeps the fluids moving in the new switched
configuration.
The small pink region inside the center of box 1, where
the fluids cross each other, corresponds to a mixed state,
where φ ≈ 0. Thus, there is some mixing of the components
at this boundary.
The position of the fluids can be “flipped” back to the
original pattern by introducing box 2 further down the
channel. The time taken to reach this state is ≈5 × 106
time steps, or on the order of seconds.17 This time decreases
as the interaction strength (controlled by C in eq 5) is
increased.

In the second study, the two boxes are brought next to
each other (l ) 0). The top image in Figure 3 shows the
distribution of φ at steady state, reached after 104 time
steps (≈10-3 s); Figure 3a shows an enlargement of the
patched region. What is striking is the relatively large
pink area, indicating a broad homogeneous phase. Thus,
by bringing the two boxes together, or effectively imposing
a 2 × 2 checkerboard pattern on the substrate, the flowing
fluids are made to undergo mixing.18
Close examination of Figure 3a reveals how flow couples
to thermodynamics to produce the mixed phase. At the
left edge of box 1, preferential wetting interactions drive
each component to cross the channel, causing mixing in
the center of the box. Near the upper and lower portions
of the left edge, some fluid flows back to the energetically
more favorable regions, setting up vortices that also
effectively mix the fluids.
At the right-hand side of box 1, the wetting interactions
have switched the positions of the A and B stream, as
already noted in Figure 2. Now, however, the close
proximity of box 2 alters the scenario. As the fluids
approach the neighboring box, the liquids are once more
confronted with energetically unfavorable domains. Consequently, some of the fluid flows away from the boundary
and back into box 1, thus promoting mixing. The flow in
the X-direction transports the fluid between the boxes. At
the same time, arrows at the top and bottom of the lefthand side of box 2 indicate that each component is again
driven across the channel to reach the respective wettable
domains. This motion provides another opportunity for
mixing the fluids and contributes to enhancing the size
of the φ ≈ 0 region.
Altering the system parameters affects the degree of
mixing between the components, as can be seen in Figure
3b-d. For higher velocities (Figure 3b), the fluid essentially does not “feel” the presence of the boxes. Hence,
the patches are less effective mixing stations. On the other
hand, mixing becomes highly favorable when the lateral
range of the interaction potential is increased. In our
model, this is accomplished by setting r0 ) 10 (Figure 3c).
The degree of mixing is also enhanced by increasing the
temperature (Figure 3d). In the latter case, the fluids are
more compatible.
We obtain more insight into the phase behavior of the
fluids through Figure 4, which shows the value of φ in the
middle of boxes 1 and 2 for the different cases shown in
Figure 3. The dashed black lines give the order parameter
values outside the boxes. One measure for the extent of
mixing within the patched region is the range (in Y) where
|φ| < 0.25. These plots show that case d provides the most
wide-range mixing, confirming our observations from the
images in Figure 3. The perturbations due to the patches
are less pronounced in box 2 than in box 1 because a
fraction of the fluid is already mixed as it enters box 2.
Conclusions
The above calculations reveal that variations in surface
wettability have a dramatic effect not only on the flow
patterns but also on the phase behavior of multicomponent
fluids confined in microchannels. Surface wettability is
governed by the molecular or nanoscale interactions
(18) In contrast, for the static case, the A and B fluids would faithfully
mimic the checkerboard design of the A/B patches since this configuration yields the lowest free energy in the absence of an imposed flow
field. See: Abbott, N. L.; Folkers, J. P.; Whitesides, G. M. Science 1992,
257, 1380-1382.
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between the fluid and the underlying substrate.1 By
incorporating such nanoscopic effects into the lattice
Boltzmann model, we can predict how to tailor fluidsurface interactions to yield the desired kinetic and
thermodynamic properties. The current simulations indicate that patterned substrates provide an effective,
nonmechanical means of mixing solutions and open the
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possibility of creating spatially localized reaction chambers
within microfluidic devices.
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