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Chemical gradients maintained along surfaces can drive fluid flows by diffusio-osmosis, which
become significant at micro- and nano-scales. Here, by means of mesoscopic simulations, we show
that a concentration drop across microchannels with periodically inhomogeneous boundary walls can
laterally transport fluids over arbitrarily long distances along the microchannel. The driving field is
the secondary local chemical gradient parallel to the channel induced by the periodic inhomogeneity
of the channel wall. The flow velocity depends on the concentration drop across the channel and
the structure and composition of the channel walls, but it is independent of the overall channel
length. Our work thus presents new insight into the fluid transport in long microchannels commonly
found in nature and is useful for designing novel micro- or nano-fluidic pumps. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4963721]

. INTRODUCTION

Concentration gradients of solute molecules in solutions
cannot only induce a diffusive mass flux but also transport
surrounding materials by osmosis, electrochemical gradient,
diffusiophoresis, or diffusio-osmosis.! Such gradient-driven
transports on small scales are essential in biological systems.”
Relevant examples include the passive osmosis of water
molecules and the (secondary) active transport of ions through
membrane. A recent work has even shown that the diffusio-
osmotic force, arising from the interactions of nonuniform
solute with channel boundaries, is critical for the activation of
mechanosensitive channels.®> On the other hand, chemical
gradients have been exploited in synthetic microfluidic
systems.*© Particularly, the diffusio-osmosis was recently
proposed to pump fluids,”® manipulate mesoscale particles,’'?
and to harvest chemical energy.'! Further exploration and
tailoring of the chemical gradient-driven transport will provide
rich possibilities to manipulate fluids in lab-on-chip systems
and new insights into the understanding of related transport
phenomena in nature.

In most designs that utilize chemical gradients to transport
fluids,>’~!! the chemical gradient is applied along the direction
of the flow. This means that the flow is proportional to the
concentration difference at the two ends of the channels,
which severely hampers the transport of fluids in long
micro-channels. Similar difficulties also occur for other
types of pumping mechanisms, e.g., pressure gradient-driven
micropumps where a huge pressure drop would be required.
Thus, a chemically driven transport that is independent of the
channel length will be particularly suitable to microfluidic
systems with long microchannels, which also often exist
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in biology, geosciences (like submarine porous mineral
precipitates), or petroleum engineering, where the chemical
gradients are ubiquitous. Microchannels with an asymmetric
sawtooth wall have been recently theoretically shown to
be able to pump fluid by self-diffusiophoresis,'” where the
chemical inhomogeneity is created by wall-catalyzed chemical
reactions. This theoretical work solves numerically the Stokes
flow problem using a chemical gradient-induced slip flow
boundary with a fixed constant solute flux and a constant
diffusiophoretic mobility, which results in a weak overall fluid
transport along the channel over long distances.

In this paper, we perform hybrid molecular simulations to
study fluid transport by chemical gradients in micro-channels.
We consider two different types of microchannel designs: a
planar channel with periodically chemically heterogeneous
boundaries and a chemically homogeneous channel with a
ratchet-like geometry. In both cases, we show that a chemical
gradient across the channel can drive a significant fluid flow
along the channel by diffusio-osmosis. The driving force
comes from the local concentration variations along the
channel walls produced by the boundary asymmetries. The
flow rate is independent of the channel length, which facilitates
the transport of fluids in arbitrarily long microchannels.
Experimentally, such a system corresponds to a narrow gap
sandwiched by two reservoirs of different concentrations. The
rest of the paper is organized as follows. In Sec. II, the
microchannel model is described and the hybrid simulation
method is introduced. Simulation results and discussions are
presented in Secs. III and IV.

Il. SIMULATION MODEL AND METHOD

To transport fluid in a microchannel by the diffusio-
osmosis, a chemical gradient component parallel to the
boundary, V¢, is required, with the diffusio-osmotic flow

Published by AIP Publishing.
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velocity uy ~ V). Besides directly imposing a chemical
difference at the two ends of a channel, one can rely on
the inhomogeneities of the channel boundaries to create local
concentration gradients along channel walls, starting from
a concentration drop in between two channel walls. These
local secondary gradients, together with the nearby boundary
regions, can act as independent driving units that, when
connected, will be able to pump flows over long distances. To
produce a directed net transport, the driving elements must
be non-symmetric either in their constituent materials or in
their geometric structures.'® The designs for these two types
of driving units are separately described after the simulation
method.

A. Simulation method

Hybrid molecular simulations in two dimensions are
performed to investigate the capability of the pump devices
of transporting a binary fluid. The fluid is described
by multiparticle collision dynamics (MPC),'*'® while the
channel wall-fluid interactions are modeled by standard
molecular dynamics (MD). In MPC, the fluid molecules
are modeled as a large number of point particles of mass
m, whose dynamics consists of alternating streaming and
collision steps. In the streaming step, each fluid particle
moves ballistically for a fixed time 4. In the collision step,
particles are sorted into square cells of size /. and interact only
with particles in the same cell. The binary fluid is accounted
by two particle types, A and B. Both A and B-type particles
take part in the MPC collision, where the particle species
is not distinguished. We use the stochastic rotation collision
rule with variable rotational angle « introduced by Ryder and
Yeomans.!%? This collision rule locally conserves mass, linear
momentum, angular momentum, and energy, and correctly
captures hydrodynamic interactions, thermal fluctuations,
mass diffusion, and dissipation. In our simulations, lengths
are measured in units of /., energies in units of kgT (kp the
Boltzmann constant), and masses in units of m, such that the
flux through the channel is measured in units of \/kgT/mi2.
This corresponds to setting m =1, I, = 1, and kgT = 1. We
employ the standard MPC parameters, collision time 4 = 0.1,
and mean number of fluid particles per cell p = 10. A kinetic
theory calculation?! allows us to obtain approached values
for the fluid kinetic viscosity v =~ 0.76, and the diffusion
coefficient Dy ~ 0.06. This produces a liquid-like dynamics
with a Schmidt number Sc ~ 12.

J. Chem. Phys. 145, 124119 (2016)

Walls are mostly simulated as an ensemble of spherical
beads with strong tunable interactions with the surrounding
fluid particles. The wall beads remain fixed during the
simulation. The interactions between the fluid particles and
the wall beads take place through Lennard-Jones (LJ) type
potentials,

Uni(r) = 4e [(2)2 (@)

+ée,r<rg, )
.

with € being the potential intensity, n a positive integer
number, o the bead radius, r. the cutoff, €’ = 0 for attractive
LJ potential, and €’ = € for repulsive one. Here, the subscript
k and I refer to the kinds of the wall beads and the
fluid molecules, respectively. For the sake of convenience,
the notations r(n,€) and a(n,e) are used to, respectively,
represent the repulsive and attractive LJ potentials. Between
two consecutive MPC steps, 50 MD integration steps are
performed with the velocity-Verlet algorithm, for the fluid
particles near the wall beads.

The hybrid MPC-MD method employed here should
be understood as a mesoscopic version of an all-atoms
molecular dynamics simulation. Continuum equations can
be recovered in certain limits, like large number of particles
and collisions, and large length and time scales. This method
is now well-established and its validity has been extensively
verified.!”!® Since this hybrid mesoscopic simulation can
properly capture all the required essential physical features
(i.e., hydrodynamics, mass diffusion, and diffusio-osmosis),
the conclusions obtained from simulations are generally valid.
The change in specific system parameters such as fluid density,
viscosity, wall size, or wall-solvent interactions will only have
a quantitative influence.

B. Planar multicomponent channel

We first propose a planar microchannel with multicom-
ponent walls filled with a binary fluid mixture consisting of
species A and B. The material heterogeneity of the boundary
is required to produce a net directed flow. For simplicity,
we simulate a two dimensional setup, but our results are
straightforward to extrapolate to three dimensions as in
previous related works.?**>2* Figure 1 illustrates the basic
microchannel designs, where it can be seen that the walls are
made by four different types of materials or structures with
different functions.

e
i

FIG. 1. Schematic diagram of planar channels with particle types specified in the text. In channel (a), the top boundary is a hard wall; in channels (b) and (c)
the top wall consist of beads, with inverted bead sequence with respect to each other. To mimic the source and sink sites, chemical reactions are implemented at
the corresponding places. Small beads inside the channel refer to the fluid particles.
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Type 1 (depicted as green): Source of B-particles.
Bead interactions with particles of type A and B are
indistinguishable.

Type 2 (black): Sink of B-particles. Bead interactions
with particles of type A and B are indistinguish-
able.

Type 3 (blue): Driving part of the channel wall, where
the bead interactions with particle of type A is different
from those with particle of type B.

Type 4 (red): Passive part of the channel wall, where
the bead interactions with particles of type A and B are
indistinguishable.

The combination of a source and a sink of B-particles
(type 1 and 2 beads) establishes the chemical inhomogeneity.
Experimentally, this may correspond to a channel sandwiched
by two reservoirs characterized by different concentrations
of B-particles.”* At contact with the source and sink sites,
solvent molecules of both types are exchanged with the
external reservoirs by diffusion. Alternatively, the chemical
inhomogeneity can be realized with a catalytic material at the
source site (such as platinum), where a particular chemical
reaction (such as 2H,O, — 2H,O + O,) takes place,25 and
a reactant fuel reservoir in contact with the sink site. For
simplicity, in the simulations we do not explicitly simulate
the solution reservoirs that are connected to the channel
through the source and sink sites, instead we mimic the
source and sink by artificial chemical reactions. Similar
schemes have been used in previous studies of chemically
powered micromachines.’>?-30 Specifically, the reaction
A — B occurs upon a collision of A-particle with the source
sites (green beads), and the inverse reaction occurs at the
sink sites (black). The reaction takes place with an imposed
probability P,, by which the concentration of the reservoir is
tuned. The source and sink regions can in principle be varied
to larger or smaller sizes, but it should be large enough to be
able to efficiently catalyze the chemical reactions. Since A and
B particles generally interact with the beads through different
potentials, conversion between species may lead to a local
potential energy jump, as it happens in most real systems.
This can heat the surrounding fluid and hence generate a
local temperature gradient which can also eventually drive
an additional thermo-osmotic flow. To focus here in the
understanding of a pure diffusio-osmosis effect, we consider
a reaction rule that avoids the local potential jump. This
is achieved by imposing that the particle conversion only
occurs for the reactant particles that have collided with the
catalytic beads and just come out from the catalytic site with
their current solvent-bead distances beyond the maximum
interaction range of Uy 4 and Uy, g.%* This criterion assures that
the reaction takes place locally around the catalytic site without
potential change. Although the boundary catalytic operation in
the simulations does not input external energy into the system,
it continuously decreases the system entropy by changing the
particle species such that it maintains the system out-of-
equilibrium. Such Maxwell-demon-type boundary conditions
do not affect physical processes within the system and have
been quite widely used to generate non-equilibrium states in
similar simulation setups.?®*!32 When the system is connected
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to real reservoirs, it will be driven out of equilibrium by
the combining energy and entropy input related to particle
exchange.

Beads of type 3 and 4 are made of two different
materials, which are used to break down space symmetry
to generate a directed fluid motion. The necessary material
heterogeneity of the boundary is incorporated in the
simulations through different interaction potentials between
fluid particles B and the beads on the wall. We perform
a simple choice in which Ujg = U;gp = Usp = Usg = U3y
= Usp = Usp = r(24,1) are always fixed and Usp is varied,
with the bead radius o =2.0. As a consequence, the
concentration inhomogeneity can only be felt by beads of
type 3, and hence beads of type 3 and 4 correspond to the
driving and passive parts of the channel wall, respectively.
The specific form of the interaction potentials is not critically
important, and a directed fluid flow will be produced when
the channel boundary is heterogeneous.

In Fig. 1(a) the black surface refers to a hard wall
simulated via bounce-back interaction reproducing sticky
boundary condition. The source and sink sites on the
boundaries create a concentration gradient of molecules B
across the channel, as well as a lateral secondary gradient
along the multicomponent wall (Fig. 3(a)) due to nonuniform
distribution of the source sites on the bottom boundary. Two
variants of the basic design are illustrated in Figs. 1(b) and
1(c), which replace the top hard wall by multi-bead wall with
different bead arrangements.

Finally, in order to maintain a stationary flow, periodic
boundary conditions are used in the non-confining channel
direction (x-axis). These boundaries have two experimental
counterparts: (1) a cycling channel loop (similar to blood
circulation system), where the fluid is continuously transported
through a closed channel; (2) a microchannel connected to
two very large reservoirs at the two ends of the channel, where
the hydrostatic pressure in the reservoirs varies only slightly
due to their large cross sections.

C. Asymmetric ratchet channel

Another way of breaking down the spatial symmetry
to induce a directed flow is purely geometrical. The design
for a ratchet-like channel is shown in Fig. 2. One wall is

FIG. 2. Schematic diagram of ratchet channel. The whole sawtooth wall
corresponds to the source of species B and the flat wall to the sink. L, Ly,
and H denote the dimensions of a driving unit, which are, respectively, the
channel width, and the sawtooth length and height.
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sawtooth-shaped, and the other wall is flat. The constituent
beads of the two walls have different interactions with the
solvent particles. The whole flat wall is a B-sink where bead
interactions with particles A and B are indistinguishable,
similar to type 2 particles represented in black. Meanwhile,
the sawtooth wall acts as both the B-source and the driving
part, which is a combination of bead types 1 and 3 and is drawn
in cyan in Fig. 2. The source and sink are also modeled by the
catalytic chemical reaction. The effective contact area of the
binary fluid with the B-source surface is larger near the cleft
of the sawtooth than near the summit, which translates into a
secondary chemical gradient parallel to the sawtooth edges.
This secondary chemical gradient induces a diffusio-osmotic
flow.

For the ratchet channel, we use again LJ-type potentials
to describe the interactions between the fluid and the wall
beads. Throughout the simulations, the radius of the wall
beads is set to o = 1.5, for the beads of the sawtooth wall
Usa =r(3,2) and Usp =r(3,0.5) are chosen, and for the
flat wall beads Uys = Usp = r(24,1) are considered. Similar
geometric asymmetry has been successfully applied in the
design of self-phoretic microgears”>?> and recently also to
thermoosmotic micromachines.??

lll. RESULTS AND DISCUSSION
A. Planar multicomponent channel

The simulations are initialized with all the fluid particles
being species A. Stationary concentration distributions can be
established quickly through the reactions on the channel walls.
Figure 3(a) displays the relative concentration distribution of
species B in a channel with four repeated units as those
in Fig. 1(a). The four concentration centers correspond to
four source sites (reaction regions) on the channel. The
concentration of B molecules decreases from the source
centers, creating chemical gradients across, as well as along,
the channel. The lateral gradient is roughly symmetric with
respect to the source sites, thus it does not provide directional
bias to induce a net flow in the channel. The directed flow
arises from the concentration gradient and the asymmetry of
the solvent-wall interactions with type 3 (blue, and driving

J. Chem. Phys. 145, 124119 (2016)

part of the wall) and type 4 (red, and passive part of the wall)
wall beads. Our simulations used Usp = a(12,1) and r(24,1)
for all other interactions so that the 4-type beads cannot feel
the chemical gradients, in contrast to the 3-type beads. This
means that B particles exert a net attractive force on the 3-type
beads parallel to the wall along its gradient (i.e., toward the
source), while A particles exert a net repulsive force on the
3-type beads parallel to the wall against its gradient (i.e., also
toward the source). Thus, the diffusiophoretic force exerted
on the wall by both A and B fluid particles is directed toward
the source.”” The reaction of the diffusiophoretic force is
the diffusio-osmotic force on the fluid, generating a diffusio-
osmotic flow away from the source within the driving region,
which in the case of Fig. 3(b) corresponds to a flow pointing
to the right.

Note that if the top B-sink hard wall is replaced by a
wall consisting of type 2 beads, the resulting flow field will
be very similar, since these only passively contribute to the
friction force. Comparing with the hard sticky wall, the wall
composed of type 2 beads results in a partially slip boundary
condition owing to the smooth potential interactions, and
hence in a smaller friction. In this way, the flow in the case
of the hard wall is slightly weaker than that in the case of
type-2 bead wall. We here use the hard wall, to minimize the
computational cost.

Since the diffusio-osmosis is a surface-driven effect, the
flow patterns are sensitive to the surface properties of the
channel wall. Thus, by tuning the wall properties we can
easily manipulate the flow field. Figure 4 shows different flow
fields obtained under different surface conditions. The flow
field in Fig. 3(b) can be reversed by switching the interaction
potential between molecule B and type-3 spheres (blue) from
attractive to repulsive, as shown in Fig. 4(a). When the top wall
of the channel is replaced by a mirror image of the bottom
wall (Fig. 1(b)), with inverse reaction at the sink regions,
the transport flow vanishes. A vortex is generated close to
each driving unit, as shown in Fig. 4(b). The vortex structure
originates from the opposite diffusio-osmosis induced by
the two opposite walls. A different configuration shown in
Fig. 1(c) reverses the location of the driving elements (blue
beads) on the two opposite walls, such that they cooperate to
drive the fluid in the same direction which clearly enhances

(a)

0.0 0.1 0.2 03

FIG. 3. Typical steady-state concentration distribution of species B (a) and flow field (b) in the planar channel of Fig. 1(a). B-particle concentration in (a) is
measured in molar fraction, pg/p; and the blue lines in (b) refer to the streamline. Here, U3 g =a(12,1) and L, = 16 are used, and the transition probabilities
of particles in the source and sink regions are set as Pr =0.55 and 0.1, respectively.
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(d)

. .
03 04 05 06 07 08

FIG. 4. Flow field in the planar channel of different boundaries. (a) The
configuration is the same as that of Fig. 3 but uses Uzp =r(3,1) instead
of a(12,1). (b) The bottom and top walls are symmetric with respect to the
central axis of the channel, as depicted in Fig. 1(b). Here, Usp =a(12,1) is
used. Systems (c) and (b) only differ in the position of 3 and 4-type beads of
the top walls. (d) Steady-state concentration distribution of species B in the
systems of (b).

the overall fluid flux. Note that the steady-state concentration
distribution of particles B is determined by the location of the
source and the sink sites and it is similar for the configurations
in Figs. 1(b) and 1(c), as shown in Fig. 4(d). Similarly,
the concentration distribution of particles B corresponding to
Fig. 3(a) is similar to that of Fig. 4(a).

Besides the surface properties of the channel walls, other
parameters like the channel width L, and the concentration
gradient across the channel (determined by the reaction
probability Pr) have important influence in the magnitude
of the net flux. Figure 5 plots the total flux, Q, across the
section of the channel,

Ly
Q=/0 pudy, 2

as a function of Pr and L,, with u being the local flow
velocity in the x-direction. The net flux rapidly increases with
the reaction probability and saturates around 10% (Fig. 5(a)).
Given the transition probability for one wall, higher reaction
rate at the other wall results in higher concentration of the
product molecules at the reaction sites, thus higher average
gradient across and along the channel, shown in Fig. 3(a).
However, when the reaction rate continues to increase, the
product molecule cannot diffuse out of the reaction sites
fast enough, and the reactants cannot promptly diffuse to
the reaction sites. This diffusion-limited reaction results in a

J. Chem. Phys. 145, 124119 (2016)
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FIG. 5. Total fluid flux as a function of (a) the transition probability and (b)
the channel width. Other system parameters are the same as those of Fig 4(a).
The positive direction of the flow points to the right along the channel. In
panel (a) symbols refer to changing Pr of the B-source or the B-sink walls
keeping the other one fixed (0.1 for B-sink or 0.55 for B-source, respectively).
Here, L, =16 is used. In panel (b) the circles denote the total flux, and the
diamonds the mean flux density, Q/L,. Pr at the B-source and sink sites is
set as Pr =0.85 and 0.1, respectively.

maximum concentration gradient across the channel, which
determines the saturation of the flux.

When keeping other parameters fixed, the total flux
increases with L, due to larger cross section areas, while
the mean flux density decreases, as shown in Fig. 5(b). This
reflects the fact that the flux is driven locally by the wall
surface instead of the bulk of the fluid. To explicitly quantify
this, the local flow velocity across the channel of Fig. 4(a) as
a function of the distance to the B-source wall is measured
in Fig. 6(a). The flow velocity decreases linearly from the
bottom to top wall, which clearly indicates that the flow
pattern observed in our simulations can be attributed to the
driving from the bottom boundary. Figure 6(b) plots the flow
velocity in a layer neighbouring the B-source wall in the
driving regions. The flow velocity is calculated for various
values of Pr of the B-source bead, such that the dependence
on the local lateral chemical gradient V¢ is obtained. The
linear relation between the boundary flow and local gradients
confirms that the driving mechanism is the diffusio-osmosis
due to the chemical gradients along the boundary. With the
typically measured flow velocities, the Reynolds numbers
can be calculated in the range 10~' — 1072 such that the
flow field can be well described by the Stokes equation,
and the Peclet number is around 0.2, implying that the
advective effects are weak relative to the diffusion of solvent
molecule.

It would be instructive to discuss the non-equilibrium
thermodynamic basis of the present microdevice. In the
simulations, the system is maintained out-of-equilibrium using
the catalytic chemical reaction on the boundary walls. Given
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FIG. 6. (a) Local flow velocity across the channel in Fig. 4(a) with Usp
=r(3,1) and V¢ =0.32 (Pr = 0.55 and 0.1 separately at B-source and sink)
as a function of the distance to the B-source wall. (b) Diffusio-osmotic flow
velocity as a function of the tangential concentration gradient of species B
within the driving region, with L, =16. Symbols correspond to different
choices of Uzp.

in the presence of concentration difference across the channel,
our simulation results satisfy the first law of thermodynamics,
since the total energy of system (including the internal energy
and the kinetic energy of macroscopic flow) is conserved.
The kinetic energy of macroscopic flow is extracted from the
system internal energy through the diffusio-osmotic effect;
meanwhile the macroscopic kinetic energy is dissipated into
the internal energy by friction. The system reaches the steady
state when these two processes balance each other. On the
other hand, the second law of thermodynamics prohibits
extraction of directed transport (useful work) from a single
equilibrium thermal bath. However, the proposed device does
not violate the second law of thermodynamics because it is
in a non-equilibrium state, which renders inoperative those

(a)
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limiting thermal equilibrium restrictions. Another important
example of such non-equilibrium micromachines is the
Brownian motors.3334

We finally roughly evaluate the transport capacity of a
diffusio-osmotic channel pump of Fig. 1 in real applications.
Diffusio-osmotic velocity experimentally achievable is typi-
cally in the range of 1 —10 um s 1.1 In our design, the
flows are driven by the secondary lateral gradient on the
boundary, which therefore would be slightly weaker than
the primary gradient across the channel, as shown Fig. 3(a).
The secondary gradient can be largely enhanced by reducing
the channel width L,. Thus, it is reasonable to expect that
the diffusio-osmotic flow in a real heterogeneous channel
can reach the magnitude similar to those reported in the
previous studies. Moreover, it has been demonstrated that
the diffusio-osmotic flow at a (partial) slip surface such as
the superhydrophobic surface may be amplified by more
than 3 orders of magnitude.7’35 Thus, in a heterogeneous
microchannel with superhydrophobic surfaces, the induced
secondary chemical gradient could drive a significant diffusio-
osmotic transport.

B. Asymmetric ratchet channel

Figure 7(a) plots the spatial distribution of the
concentration of molecule B in the steady state. The highest
concentrations of B molecules are found at the clefts of the
sawtooth wall (lowest for A molecules). This is caused by
a pure geometrical effect, as explained in Sec. II C. The
tangential gradients along both the long and short edges
point toward the cleft. This generates two competing diffusio-
osmotic flows along both edges, leading to a vortex near each
cleft, together with a net lateral flow along the channel, as
shown in Fig. 7(b). In this case, the interactions between
the sawtooth wall and the fluid molecules are chosen to be
Usa = r(3,2) and Usp = r(3,0.5). The stronger Us4 pushes
the fluid toward the summit region along both the short
and long edges, where A molecules are more concentrated.
Thus, the net flow in the channel is directed to the left, with
counter-clockwise vortices near the short edges.

The flow field can be reversed when the reactions at
the flat and the ratcheted walls or the potentials Us4 and
U;p are switched. Figure 8 shows a reversed flow field in
a ratchet channel, with the flat wall being the source of
B-type fluid particles. On the other hand, if the sawtooth wall
is symmetric as in Fig. 9, the non-vanishing diffusio-osmotic

FIG. 7. (a) The steady-state relative
concentration distribution of species B,
pB/p, and (b) the diffusio-osmosis in-
duced flow field in the ratchet chan-
nel, with L, =31, L, =20, and H =38.
Here, the transition A — B uniformly
occurs at the bottom wall with Pr
=0.55, and B — A at the top wall with
Pr=0.1.
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FIG. 8. Flow field induced by a chemical gradient in a ratchet channel, with
the reaction B — A at the bottom wall and A — B at the top wall. Here, the
bottom sawtooth wall acts as both B-sink and the driving part, and is drawn
in dark blue. Other system parameters are the same as those of the ratchet
channel in Fig. 7.

flows along each of the two tooth edges cause counter-rotating
vortexes. These are though perfectly symmetric such that
the net flow through the channel vanishes in this geometry.
As the asymmetry of the sawtooth wall increases, a smooth
asymmetric distortion of the two counter-rotating vortexes and
a traversing flow through the channel is expected. Determined
by the boundary geometry, each vortex will change its velocity,
size, shape, and stagnation point position. In our geometry, a
change in the length of the ratchet edges modifies the related
gradients, such that the vortex becomes slower/faster when
the corresponding sawtooth wall is enlarged/shortened. Given
the large asymmetry of the channels employed in this work,
the transversal flow lines dominate, and it is not possible
to clearly distinguish (see Figs. 7 and 8) if there is a weak
remaining vortex of the long edge.

For the basic design of ratchet channels in Fig. 2, we
examine the various parameters that are expected to influence
the total transport capacity of the channel. Similar to planar
channels, the total flux through the ratchet channel increases
with the reaction probability Pr and saturate at Pr ~ 10% as
shown in Fig. 10(a). The total flux also increases with the
channel width, while the flux density decreases, as plotted in
Fig. 10(b). A unique parameter for ratchet channels is the wall
height H that tunes the geometric asymmetry of the channel
when L, and L, are fixed. For H = 0, the channel becomes
a planar channel with homogeneous chemical properties, thus
cannot induce a fluid flow. As H increases, both the geometric
bias and impedance to the flow increase. Thus, there exists an
optimal H that maximizes the net flux through the channel.
Figure 10(c) shows that the net flux increases with the wall
height and then decreases when H is further increased beyond
H ~8.

FIG. 9. Flow field in a symmetric ratchet channel. Here, the bead-fluid
interactions and the transition probabilities are the same as those in Fig. 7.
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FIG. 10. The total flux through a ratchet channel as a function of (a) the
transition probability, (b) the channel width, and (c) the wall height. The
positive direction of the flow points to the right along the channel. In the
case of (a), Lx =31, L, =20, and H =8 are set, and the circles and squares
separately refer to the independent change of Pr at the ratcheted or flat wall,
keeping the other fixed (0.1 for the flat wall or 0.55 for the ratcheted wall).
In the case of (b), L, =31 and H =8 are fixed, and the diamonds denote the
mean flux density. In the case of (c), Lx =31 and L, =20 are fixed. Both (b)
and (c) take Pr =0.55 for the ratcheted wall, while Pr =0.1 and 0.5 are,
respectively, considered for the flat wall.

In a very recent theoretical work,'2 a similar ratchet
channel has been proposed to pump fluids by auto-
diffusiophoresis. In that work, the full Stokes flow problem
is numerically solved and the obtained flow patterns show
noticeably different from the present simulations, as can be
seen in the locations of the traversing streamlines. In the
numerical approach, the traversing streamlines are located
very close to the short edges, while with our simulations
these are closer to the long edges, giving rise to significantly
larger fluid fluxes. The possible origin of the differences
is the boundary conditions employed in both cases. In the
numerical calculation, a fixed constant solute-flux boundary
and a constant diffusiophoretic mobility along the sawtooth
edges are imposed. Thus, this approach did not account
for any possible concentration-dependence of the solute flux
and the diffusiophoretic mobility. In the simulations, we fix
the reaction probability instead of the solute flux, and the
diffusiophoretic mobility results from the direct interactions
of the fluid particles with wall, such that the solute flux and
phoretic mobility along the edges are not necessary constant
and can depend on the solute concentration. Moreover,
the present simulations properly take into account thermal
fluctuations, which are known to play an important role on
mesoscales.
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IV. CONCLUSIONS

We have performed hybrid dynamic simulations to study
fluid transport in microscale channels under a concentration
change across the channel. We show that in the presence of
periodic surface heterogeneities or geometric asymmetry of
the channel boundaries, a lateral flow can be obtained. The
flow is driven by diffusio-osmosis resulting from the local
secondary gradients parallel to the channel boundary. These
can be induced by the boundary inhomogeneities combined
with the primary gradient across the channel. Because each
periodic structure of the microchannel is an independent
driving unit, the net flow does not depend on the channel
length. Moreover, the magnitude and structure of the resulting
flow field is sensitive to the diffusio-osmotic properties
of the channel wall, which allows us to flexibly control
micro-flow field. Our results could be employed to better
understand fluid transport in long capillaries frequently found
in nature. Moreover, the obtained perspective can provide
novel strategies to pump fluids in long synthetic micro- or
nano-channels.
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