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Fluid ﬂow along microchannels can be induced by keeping opposite walls at diﬀerent temperatures and
placing elongated tilted pillars inside the channel. The driving force for this ﬂuid motion arises from the
anisotropic thermophoretic eﬀect of the elongated pillars that generates a force parallel to the walls and
perpendicular to the temperature gradient. The force is not determined by the thermophilic or thermophobic character of the obstacle surface, but by the geometry and the thermophoretic anisotropy of the
obstacle. Via mesoscale hydrodynamic simulations, we investigate the pumping properties of the device
as a function of the channel geometry and pillar surface properties. Applications as ﬂuidic mixers and
ﬂuid alternators are also outlined, together with the potential use of all these devices to harvest waste heat
energy. Furthermore, similar devices can also be built employing diﬀusiophoresis or electrophoresis.
DOI: 10.1103/PhysRevApplied.11.054004

I. INTRODUCTION
Guiding the movement of ﬂuid at nano- and microscales
has become one of the most challenging goals in the emergent ﬁeld of microﬂuidics [1,2]. Relevant applications of
microﬂuid pumping are related with drug delivery [3,4],
biomedical assays [5,6], and cell culturing [7]. An eﬃcient
microﬂuidic pump requires the capability to use minimal
quantities of energy to carry ﬂuid with high resolution
and sensitivity. In microﬂuidic devices, ﬂuids are typically
transported, separated, or processed along microchannels
of diﬀerent compositions and geometries. The generation
of net ﬂuid ﬂows is frequently achieved by applying external mechanical forces with coupled inlet and outlet systems [8–10]. The eﬃciency of such driving mechanisms
importantly decreases with miniaturization because of the
huge increase in hydrodynamic resistance that comes with
downsizing [11]. Moreover, the fact that inlets and outlets
rely on external pieces of equipment importantly hampers the portability of the devices. A competitive approach
is to induce stresses localized at the boundaries, through
nonmechanical means, which are driven typically by local
ﬁelds [12–16]. This has shown to be especially eﬃcient for
miniaturizing ﬂuidic pumps, due to the intrinsically large
surface-to-volume ratio.
*

z.tan@fz-juelich.de
mcyang@iphy.ac.cn
‡
m.ripoll@fz-juelich.de
†

2331-7019/19/11(5)/054004(13)

Phoretic or the related osmotic properties of solid
materials in a ﬂuid solution constitute an attractive
option to induce stresses close to conﬁning walls. Phoresis refers to the directed drift motion of a suspended
particle induced due to an inhomogeneous surrounding [17,18], which can be, for example, a temperature gradient (thermophoresis) [19–22], a concentration gradient (diﬀusiophoresis) [23–25], or an electric
potential gradient (electrophoresis) [26–28]. Conversely,
the gradient can generate the motion of a ﬂuid at
a ﬁxed solid-ﬂuid interface, which is usually referred
to as phoretic osmosis, and in the case of a ﬂuidﬂuid interface, which is known as a phoretic capillary
[17]. Catalytic surfaces and related chemical gradients
have shown a large potential in microﬂuidic applications
[29–32], while thermal gradients are relatively less
exploited. Thermal gradient-driven motion has, however,
promising prospects, since it works equally well in charged
and neutral solutions and it is pollution free due to the
absence of surfactants or chemical fuels, which enormously facilitates biocompatible applications [33–35].
Furthermore, thermal gradient-driven motion allows optical microscale operations with optical heating, which is
the basic principle of the emerging ﬁeld of optoﬂuidics
[36,37]. So far, existing phoretic ﬂuidics relies on intricate
diﬀerentiated compositions [38–40] or ratchet geometries
of channel walls [14,41–43]. To extend the tunability and
functionality of these pumps is therefore timely and highly
desirable.
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Anisotropic thermophoresis has been recently described
and open a new avenue for the design of novel and versatile microdevices [44,45]. The anisotropic phoretic eﬀect
refers to the diﬀerent phoretic response that elongated
objects, such as colloids or pillars, have when aligned
with or perpendicular to the external gradient. Interestingly, for obstacles with tilted orientation, this anisotropy
might translate into a force that would not only be aligned
with the gradient, as it is in the case of traditional phoresis, but additionally also perpendicular to the gradient. This
mechanism has already been employed for the design of
microturbines that can rotate unidirectionally [45]. Given
the related nature of diﬀerent phoretic eﬀects, this eﬀect
has been proved to exist not only for thermophoresis, but
also for diﬀusiophoresis, for example, in the presence of
multicomponent ﬂuids with catalytic surfaces [46].
In this work, we propose a class of microﬂuidic pumps
based on the anisotropic phoretic eﬀect. Instead of considering the asymmetries at the channel walls as in previous devices, we present a micropump exploiting the
tunable properties of the immersed solid obstacles with
thermophoretic anisotropy in the middle of the channel,
which could be engineered, for example, by means of
lithography [47,48]. Opposite walls have ﬁxed diﬀerent
temperatures, such that the pillars are exposed to a temperature gradient. The phoretic properties of the pillars’
surface thus generates a ﬂuid ﬂow along the microchannel, perpendicular to the thermal gradient. The device will
have a large versatility due to factors intrinsic to the pump,
such as the pillars’ geometry; number of obstacles per unit
length; obstacles’ conﬁguration; or the subtle dependence
of the phoretic behavior on a large number of factors such
as average temperature or pressure, presence of salt, or
surface coatings, among many others. Also, very remarkable will be the case in which the obstacles do not have
a ﬁxed orientation with respect to the walls, but can be
externally controlled in situ, e.g., by laser tweezers on suspended colloids, such that the ﬂow pattern becomes highly
adjustable and rich. In addition, the suspended objects may
even be removed from and imported into the channel without aﬀecting the channel itself. Furthermore, variations of
the microchannel device are shown to work not only as
microﬂuidic pumps with arbitrarily microchannel length,
but also as ﬂuidic mixers or generators of alternating ﬂow.
Finally, given the fact that they work under the eﬀect of
external gradients, they all have potential applications to
harvest waste thermal or chemical energy.
II. MODEL AND MECHANISM
A. Simulation setup
Simulations are performed with a mesoscale hydrodynamic approach, which combines multiple particle collision dynamics (MPC) and molecular dynamics (MD) [49–
52]. MPC is a particle-based model in which a coarse-grain

solvent is represented by N point particles of mass m,
characterized by continuous positions ri and velocities vi
(i = 1, . . . , N ), which evolve in two alternating steps. In
the streaming step, particle positions evolve ballistically
for a certain time h, which we refer to as the “collision
time.” In the collision step, particles are sorted into cubic
cells, with cell size a, and each particle rotates its relative
velocity to the cell center of mass velocity by an angle α
around a randomly chosen direction. The collisional operation conserves mass, linear momentum, and energy at the
cell level. The cell grid is randomly displaced to maintain
Galilean invariance [53] and enhance the ﬂuidlike properties of the solvent [54–56]. Standard simulation units
are chosen, m = kB T = a = 1, with kB T the averaged temperature, which
 means, for example, that time is given
in units of ma2 /(kB T), which is typically not speciﬁed.
The usual MPC parameters are used, h = 0.1, α = 130◦ ,
and ρ = 10 average number of particles per collision box,
corresponding to a kinematic viscosity ν = 0.87. For the
direct comparison with real ﬂuids, dimensionless numbers
are typically calculated, such as the Schmidt number Sc
or the Prandlt number Pr, which for the speciﬁed parameters are Sc = 17 and Pr = 5.8 respectively. In this respect,
Pr shows to be very close to most relevant ﬂuids such as
water, although Sc is clearly smaller. While the Prandlt
number indicates that the transport of heat and momentum is properly separated in our case, the Schmidt number
refers to the separation of mass and momentum, which, in
our case, are less separated than in most ﬂuids. This lower
value might be an issue when quantitatively mapping to
real units, although it is absolutely not a problem to reproduce a ﬂuid with correct liquidlike dynamics [56,57]. Solid
channel walls with stick boundary conditions are realized
by applying the bounce-back rule to the solvent particles
when reaching the walls, and the temperature gradient is
implemented by thermostatting thin solvent layers close to
the walls with low Tc and high Th temperatures [58,59].
The employed default temperatures at the no-slip walls are
Th = 1.2 and Tc = 0.8 in MPC units. These could be converted to real units by considering, for example, an average
temperature equal to T = 300 K, corresponding to very
high temperature diﬀerences, although, as later discussed,
this could be compensated with other unit mismatches.
The thermophoretic micropump, sketched in Figs. 1(a)
and 1(b), consists of a microchannel of width H with
immersed solid elongated obstacles (pillars) tilted at an
angle θ, typically θ = 45◦ . Opposite walls have ﬁxed different temperatures, such that the pillars feel a temperature
gradient ∇T, which induces an osmotic ﬂow. As indicated
in Fig. 1(c), pillars are modeled by one layer of spherical
beads of the diameter d, ﬁxed in this work to d = 2.5a,
placed with anchored positions on the nodes of a triangular lattice. The separation between beads determines the
pillar surface rugosity, which is characterized by the ratio
between the typical lattice length l and the bead diameter d.
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and the interaction of the solvent particles with the pillar
beads is modeled by the Mie potential [60] (namely, the
Lennard-Jones type)
 
 n 
d
d 2n
+ c, r ≤ rc .
−
(1)
U(r) = 4
2r
2r

(a)

Here, r is the distance between the bead center and the ﬂuid
particle;  is the potential intensity, chosen as  = kB T;
and n is a positive integer describing the potential stiﬀness. By considering c = 0 or c =  together with the
suitable cutoﬀ distance rc , the potential is adjusted to
be attractive or purely repulsive [61], which is respectively denoted as an or rn. This means, for example, that
the r6 potential with n = 6, c = , and rc = 21/6 d is the
well-known Weeks-Anderson-Chandler (WAC) repulsive
potential [62].

(b)

B. Mechanism: anisotropic thermophoresis
(c)

Smooth

Neutral

The interaction of a colloidal particle with a solvent
with a nonhomogeneous temperature results in a driving thermophoretic force FT [63,64], which causes the
particle migration of nonﬁxed particles (thermophoresis)
or the motion of the surrounding ﬂuid for immobilized
objects (thermoosmosis). This force is known to be directly
proportional to the temperature gradient,

Rough

FIG. 1. (a) Sketch of the anisotropic micropump, composed by
two planar walls at ﬁxed diﬀerent temperatures, with solid elongated titled obstacles. (b) Cross-section sketch of the relevant
device dimensions. The channel width is H , each pillar has a
length W and thickness d, and multiple obstacles are separated
by a distance D. The temperature gradients along the long and
short axes are ∇Td and ∇TW . (c) Detailed structure of pillars with
rugosities l/d = 0.4, 0.8, and 1, referred to as smooth, neutral,
and rough.

In this way, small values such as l/d = 0.4 are referred to
as smooth surfaces, while large values such as l/d = 1 are
referred to as rough. In order to modify the surface thermophoretic properties, the rugosity is here modiﬁed similar to the rodlike colloid case. The rough case corresponds
then to porouslike material where ﬂuid can cross through
the pillars’ interstices. The pillar thickness is for all rugosities, the particle diameter d, and the length is denoted by
W, which is typically not an integer given the varying values of the rugosity. Periodic boundary conditions (PBC)
are considered in the two directions perpendicular to the
walls. Pillars are placed with the long axis parallel to the
walls; this is in the y direction as depicted in Fig. 1(a).
This, together with PBC, provides eﬀective extended pillars. Finally, the pillars are equidistantly placed in the x
direction, with separation D. Unless otherwise stated, we
perform simulations with l/d = 0.4, W = 2.93d, D = H =
12d, and with one obstacle in a cuboid box (Lx , Ly , H ) =
(30, 20, 30). The beads’ positions are invariable with time,

FT = −T · kB ∇T,

(2)

with kB the Boltzmann constant and ΛT the thermodiﬀusion tensor, which is a material-dependent property
determining the force direction and strength. In the case
of spherical particles, ΛT is a constant factor, the so-called
“thermodiﬀusion factor,” αT , while other particle shapes
might have more complex dependencies. This deviation
from the spherical constant behavior has been deﬁned as
“anisotropic thermophoresis” [44]. In the case of elongated
particles, two independent coeﬃcients are expected to be
enough to determine the thermophoretic properties. These
are αT, and αT,⊥ , the thermophoretic factors characterizing
a rod with the long axis aligned with the temperature gradient or perpendicular to it. The diﬀerence between these
two factors deﬁnes the thermophoretic anisotropy factor
χT = αT,⊥ − αT, .

(3)

Interestingly, this means that an elongated particle with
χT = 0 ﬁxed at an angle θ with respect to ∇T feels a force
not only in the gradient direction, but also perpendicular
to it, as follows (Due to the system geometry, note that the
angle θ here has opposite orientation as in [44,45]):
FT,x = −χT sin θ cos θkB |∇T|ex ,

(4)

where x refers to the direction perpendicular to ∇T and
ex the corresponding unit vector. By convention, the sign
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FIG. 2. Flow streamlines corresponding to the micropump in Fig. 1(b). Here and in what follows, the background color codes the
magnitude of local velocities |v(x, z)| rescaled with a factor of log(|v| − |v|min )/ log(|v|max − |v|min ), where |v|max and |v|min are the
maximum and minimum of magnitudes of the velocities in each vector ﬁeld. As a guide to the eye, black lines correspond to the net
ﬂow and green lines to the vortices.

of the thermodiﬀusion factor αT is positive when colloids
drift toward cold areas (thermophobic behavior), while αT
is negative for colloids drifting toward warmer areas (thermophilic behavior). Previous simulations showed that the
use of attractive solvent-colloid potentials translates into a
thermophobic colloid drift, while repulsive potentials show
a thermophobic behavior. This driven mechanism of the
model is essentially related to the relation between the
local pressure gradient and the sign of the applied potential
[65,66]. The direction of the perpendicular force FT,x in Eq.
(4) is determined by the sign of χT , which is, in principle,
independent of the thermophobic or thermophilic character
of the surface.
In the microchannel conﬁguration of Fig. 1, the ﬁxed
solid pillars endure thermo-osmotic ﬂows of the ﬂuid
around them. If the obstacles are elongated structures (W =
d), tilted with respect to the channel walls and therefore to
the temperature gradient (0◦ < θ < 90◦ ), a net ﬂuid ﬂux
will be generated parallel to the channel walls, as can be
seen in Fig. 2. The resulting net ﬂux density Ĵ can be
deﬁned as the particle ﬂux per unit volume,
Ĵ (x) =

1
H



H

ρ(x, z)vx (x, z)dz,

(5)

0

where ρ(x, z) is the average particle number and vx (x, z)
the particle velocity of the ﬂuid at the position (x, z). Note
that the ﬂuid velocity is not fully considered, but just
the velocity component parallel to the walls, since this is
the only one that contributes to the net ﬂux. The system
symmetry allows us to disregard the system dependence
along the obstacle length, which in Fig. 1(a) corresponds
to the y direction. In order to provide a prediction to
the corresponding averaged density ﬂux, it is important
to note that the normalized number density can be considered proportional to ρ0 , the averaged number density;
while the ﬂuid velocity is determined by the perpendicular

thermophoretic force FT,x in Eq. (4), together with an eﬀective friction coeﬃcient proportional to the ﬂuid viscosity η.
The averaged density ﬂux is then determined by
J̃ = G(W, D, H )

ρ0
χT kB |∇T|,
η

(6)

where a ﬁxed-angle inclination has already been accounted
for, for example, its optimal value θ = π/4, and
G(W, D, H ) is a function of the microchannel and pillar
geometry with the inverse of length dimensions. Expression (6) indicates that the intensity of the ﬂux is determined
by several parameters, but the direction is remarkably only
determined by the anisotropic thermophoretic factor χT .
III. FLOW PATTERN AND FLOW FLUX
A representative simulation output of the temporally
averaged ﬂow streamlines of a cross section in the xz plane with three pillars is illustrated in Fig. 2. This
ﬂow pattern has an “eﬀective ﬂow” region where the
ﬂuid passes close to the obstacles and continues along the
microchannel with a sinusoidal-like trajectory. Additionally, a “vortex” region can be identiﬁed, where the ﬂow
rotates without providing any net contribution to the total
ﬂux.
The resulting net ﬂux density Ĵ as deﬁned in Eq. (5)
is computed along the channel and displayed in Fig. 3(a),
normalized by the externally applied temperature gradient.
In spite of the streamline’s tortuosity, and because of the
mass continuity, the ﬂux density is basically constant along
the channel [see Fig. 3(a)]. Note that the ﬂow does not
depend on the position in the y axis, such that we average the ﬂow ﬁeld in this direction to increase the statistical
accuracy. Both the ﬂow ﬁeld and the ﬂux at steady state
are temporally averaged over 5 × 105 units of time with
at least 24 simulation measurements. Note that increasing the number of simulations would eventually improve
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(b)

obs

FIG. 3. (a) Scaled ﬂux density corresponding to the setup in
Fig. 2, calculated along the channel length. The green transparent line represents the average value. (b) Normalized ﬂux density
calculated with diﬀerent numbers of pillars in the primary simulation box, Nobs , with constant obstacle separation D. J̃ 0 is the
ﬂux density with one obstacle in the primary box, with D = Lx ,
for two diﬀerent values of the pillar rugosity.

the statistical dispersion of the data and decrease the (not
indicated) error bars, but it would not change any of the
presented conclusions.
Given the system’s symmetry and the use of PBC along
the channel, the ﬂuid ﬂow is not expected to signiﬁcantly
depend on the number of pillars considered, for a ﬁxed
interparticle separation D. However, PBC might also lead
to ﬂuid correlations, which would be enhanced for smaller
system sizes [67]. In Fig. 3(b), measurements of the ﬂux
densities are shown for simulations with diﬀerent numbers
of obstacles in the primary simulation box, Nobs , where the
box dimension has been accordingly varied, Lx = Nobs D.
The ﬂux densities show a relatively constant value, independent of the system size, and furthermore, the ﬂow
patterns around each pillar are identical for diﬀerent Nobs ,
which allows us to investigate systems with just one pillar
without diminishing the applicability of the conclusions.
A. Interfacial properties
The thermophilic character of the pillar in Fig. 2 can be
observed in the ﬂow close to the obstacle surface, where
the ﬂow is clearly directed from warm to cold areas, opposite to the thermophoretic force on the pillar beads, as
expected [59]. A similar micropump, with an obstacle constructed out of thermophobic beads, is displayed in Fig. 4,
where the ﬂow directed then to the warm areas can be
observed in the neighborhood of the obstacle surface. In
spite of this diﬀerence, the overall direction of the ﬂux is
the same in these two cases, which results in ﬂow streamlines with signiﬁcantly diﬀerent pathways in both cases, as
can be seen by the ﬂow close to the pillar and the position
of the stagnation point relative to the obstacle.
As stated in Eq. (6), the overall direction of the ﬂow
parallel to the walls is determined by the anisotropic factor
χT in Eq. (3). This explains that pillars with thermophilic
and thermophobic character might still result in ﬂux with
the same direction. To further verify this statement, we

FIG. 4. Flow streamlines of a micropump with a thermophobic
pillar (a24 potential).

quantify χT in some cases by additional simulations with
obstacles placed parallel and perpendicular to the channel walls, using a procedure similar to the one described
in Ref. [44]. Results and simulation parameters are summarized in Table I. The variation of the ﬂux normalized
by the applied temperature gradient with the corresponding anisotropic thermophoresis factor χT is displayed in
Fig. 5, where the linear behavior predicted by Eq. (6) is
nicely conﬁrmed. Note that, in our simulations, the pillars
along the y direction are constructed by PBC. Therefore,
the values of χT are represented as the measured χT per
unit length along the y axis.
The investigation of the anisotropic thermophoretic
eﬀect in colloidal rods [44] showed a sign change of χT
with the rod rugosity. We also explore the dependence
with rugosity in the case of elongated obstacles as depicted
in Fig. 1(c), and the explicit measurements of χT shown
in Table I display a similar sign change. The streamlines
for microchannels with elongated rough and neutral thermophilic pillars are plotted in Fig. 6, while the smooth
corresponding case can be seen in Fig. 2. The ﬂux direction
and the ﬂow pathways are diﬀerent in the three cases
TABLE I. Measurements of χT and ﬂow ﬂuxes J̃ for the simulations performed with the default geometrical dimensions,
namely, H = D = Lx = 12d.
Potential
l/d
W/d
∇T
αT,⊥
χT
J̃ /∇T
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r3
1.0
3.60
0.0207
−9
−2.88
−0.086

r3
0.8
3.08
0.0138
−10
0.050
0.011

r3
0.4
2.93
0.0138
−13
2.700
0.104

a24
0.4
2.93
0.0172
27
4.800
0.103

a12
0.4
2.93
0.0172
44
11.950
0.249
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ﬂow intensity, shape, and exceptionally even its sign, as
indicated by the prefactor in Eq. (6) being a function of the
channel width, pillar interseparation, and obstacle aspect
ratio.
1. Channel width eﬀect.

FIG. 5. Variation of the normalized ﬂux J̃ /∇T as a function of
the anisotropic thermophoresis factor χT , with parameters speciﬁed in Table I. The red line corresponds to linear behavior in
Eq. (6).

as a consequence of the diﬀerent values of χT . Besides
the change in ﬂux direction, the location of the vortices
and the corresponding stagnation points vary also with
χT and the thermophoretic character. For the microchannel with smooth thermophilic obstacles (Fig. 2), this is
when |αT, | > |αT,⊥ |; the stagnation points are aligned perpendicular to the long pillar axis. On the other hand, for
cases with |αT, | < |αT,⊥ |, these are smooth thermophobic
(Fig. 4) or rough thermophilic obstacles [Fig. 6(a)]; the
stagnation points are aligned close to the long pillar axis.
Finally, it is interesting to note that there is an intermediate rugosity case, which we call neutral, for which the
anisotropic eﬀect vanishes, χT  0. This is the case shown
in Fig. 6(b), where the ﬂow ﬁeld shows a symmetric pattern very close to the vanishing ﬂux, which resembles the
one induced by a ﬁxed isotropic colloid [59].
B. Channel geometrical properties
Besides the interfacial properties discussed previously,
the channel dimensions are naturally going to aﬀect the
(a)

(b)

FIG. 6. Flow ﬁelds with varying pillar surface rugosity: (a)
rough obstacle surface, l/d = 1.0; (b) neutral obstacle surface,
l/d = 0.8.

To study the eﬀect of the channel width on the induced
ﬂow, we perform simulations varying H , from approximately 3 to 9 times the obstacle length W, and ﬁxing all the
other dimensions to default values, as well as the temperatures at the two walls (Th = 1.31 and Tc = 0.68). Figure
7 shows the cases with the largest and smallest conﬁnements investigated here, which can be compared with the
intermediate case in Fig. 2. The conﬁnement provided by
the no-slip channel walls restricts the eﬀective ﬂow domain
and adjusts the ﬂuid ﬂow perpendicular to the walls rather
than parallel to them. This wall restriction of the ﬂow
explains the linear increase of the ﬂux with channel width
shown in Fig. 8(a). For channels wide enough, the ﬂow
close to the walls is weak, approximately 10−2 |v|max , such
that conﬁnement no longer noticeably aﬀects the ﬂow, and
an increase of the channel width results in a straightforward decrease of the net ﬂux. This explains the maximum
observed in Fig. 8(a) for channels with H  7.3 W.
Additionally, Fig. 7 shows that the channel width also
importantly changes the size, shape, and location of the
vortex regions, which is a consequence of the previously
discussed ﬂow distortion. The vortices can be quantitatively characterized with the location of the middle points
of zero ﬂow velocity, by deﬁning the stagnation angle ϕ
and the normalized stagnation distance Sd /W. As indicated
in Fig. 7(a), Sd is the distance between the two stagnation
points S1 and S2 around a given pillar and ϕ is the angle
that the line connecting these two points makes with the
pillar elongated axis. Figure 8(a) shows that both of these
quantities have a maximum at the same point as the normalized ﬂux and that this occurs when ϕ = 90◦ ; this is
when the vortex middle points are exactly perpendicular
with the elongated obstacle. When H is as small as shown
in Fig. 7(a), the vortex region takes up a large part of the
microchannel due to the signiﬁcant conﬁnement in the gradient direction and the distance between complementary
stagnation points is very small. The size and position of the
vortex changes exactly until ϕ = 90◦ , a value from which
the vortices only distort due to the lack of conﬁnement.
The velocity proﬁles along the channel direction vx in
the cross sections perpendicular and parallel to the channel walls are shown in Figs. 8(c) and 8(d), respectively.
Figure 8(c) shows that the velocity proﬁle in between the
obstacles is close to parabolic, with a slightly oﬀ-center
maximum, in which the maximum values of the velocity
follow the same dependence as the ﬂuxes in Fig. 8(a). This
means that the intensity of the ﬂow decays close to the
walls, and this decay is then larger for the widest channels
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(a)

(a)

(c)

(b)

(d)

(b)
FIG. 8. (a) J̃ /∇T as a function of channel width, H . (b) Stagnation angle ϕ and distance Sd /W as a function of H . (c) Velocity
proﬁles along the channel direction vx in the axis perpendicular to the channel and exactly in between two pillars [A − A in
Fig. 7(a)], for various channel widths, shown as a polynomial ﬁt
to the data. s is the distance to the middle of the channel. (d) vx
proﬁle in an axis parallel to the walls crossing the middle of the
pillar [B − B in Fig. 7(a)], as a function of r, the separation to
the obstacle center.

the pillar surface increases. This is similar to the ﬂow for a
ﬁxed phoretic colloid and has the same origin. Deviations
from this behavior are due to the conﬁnement.
We have analyzed the dependence of the channel width
for just one parameter set and ﬁxed interfacial properties;
we expect almost identical behaviors for other relevant
parameter sets, although the exact location of the optimal
channel width, here H /W ≈ 7.3, could eventually vary.
2. Interobstacle separation eﬀect.

FIG. 7. Flow ﬁeld for channels of diﬀerent channel widths. (a)
Strongly conﬁned case with H = 2.93 W. This ﬁgure shows the
description of the
 stagnation points with the associated angle ϕ
−−→
and Sd = S1 S2  the stagnation separation. (b) Loosely conﬁned
case with H = 8.78 W.

where there can even be a residual ﬂow in the opposite
direction. The velocity proﬁle along the middle axis parallel to the walls is shown in Fig. 8(d). The ﬂow ﬁeld in the
most immediate proximity of the pillar can be understood
as determined by the intrinsic obstacle properties and only
weakly modiﬁed by the boundary conditions. The velocity
proﬁles in Fig. 8(d) show a 1/r decay as the distance from

In the limit of vanishing separation between obstacles,
there is no expected net ﬂux generated by the micropump;
in the complementary limit, one single pillar is not able
to create a considerable ﬂux in an arbitrary long channel. To most precisely understand the transition between
these limits, simulations at various pillar separations have
been carried out. Figure 9 shows that the relevance of the
vortex area and the tortuosity of the streamlines decrease
with increasing obstacle separation. This can be understood since the ﬂow ﬁeld in the most immediate proximity
of the obstacle has an intensity and direction determined
by the surface rod properties, while the ﬂow slightly farther away from the rod just needs to adapt to the given
boundary conditions.
Decreasing the pillar separation importantly distorts the
vortex areas, such that the counter-rotating ﬂow becomes
relatively more important. Therefore, the net ﬂux importantly decreases for small (but not vanishing) pillar separation reaching a vanishing value as shown in Fig. 9(a) or
even negative as shown in Figs. 9(b) and 10(a). Increasing obstacle separation increases the ﬂux (see Fig. 2), until
a maximum value is obtained (D/W ≈ 7, for the parameters here employed), as shown in Fig. 10(a). Increasing the
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(a)

(a)

(c)

(d)
(b)

FIG. 10. (a) J̃ /∇T dependence with obstacle interseparation
distance D. (b) Corresponding ϕ and Sd as a function of D. (c),(d)
Velocity proﬁles, similar to Figs. 8(c) and 8(d).

micropump is intrinsically nonparabolic; see, for example, Fig. 2. The observed close-to-parabolic proﬁles occur
just in the perpendicular axis, in between the pillars for
intermediate separations.
The ﬂow parallel to the walls at the center of the channel is shown in Fig. 10(d), where the ﬂow ﬁeld in the
most immediate proximity of the obstacle shows a bit
stronger dependence with D than with H in Fig. 8(d), but
with similar 1/r decay. Note that the velocity proﬁles for
the smallest interobstacle separation deviate from the 1/r
decay scenario since their eﬀective ﬂow patterns are too
strongly distorted.

(b)

FIG. 9. Flow pattern variation with very small obstacle separation D. (a) Vanishing ﬂux case for D = 1.95W. (b) Reversed ﬂux
case for D = 1.46W.

separation further than this optimal value makes the ﬂux
decrease, but interestingly, this decay occurs very slowly.
In this way, for the case with the largest separation where
simulation has been performed here (D/W ≈ 18), the total
ﬂux is just 50% smaller than that with the optimal separation. This result can be practically advantageous since
devices with a smaller number of pillars will typically be
easier and therefore cheaper to produce.
The location of the vortices’ centers, which can be
inferred from ϕ and Sd in Fig. 10(b), changes with increasing obstacle separation until they reach a stable location.
This location no longer depends on D and seems therefore
to be determined by the value of the channel width. The
velocity proﬁles in the cross section in between the pillars
is shown in Fig. 10(c) for various D values. The proﬁles
are naturally related to their ﬂuxes, such that small separations show ﬂat proﬁles that can be on average negative,
vanishing, or positive, while larger separations show progressively more paraboliclike proﬁles slightly tilted toward
the pillar direction. Note that the ﬂow induced by this

3. The role of the obstacle aspect ratio.
As already described for the case of rodlike colloids
[44], the anisotropic thermophoretic factor of elongated
obstacles is expected to increase linearly with the aspect

FIG. 11. Flow streamlines in a microchannel with an obstacle
with large aspect ratio, W/d  11.

054004-8

MICROFLUIDIC PUMP DRIVEN...
(a)

PHYS. REV. APPLIED 11, 054004 (2019)
C. Mapping to physical units

(b)

°

(c)

FIG. 12. (a) J̃ /∇T as a function of aspect ratio W/d. (b) Stagnation angle ϕ and distance Sd as a function of W/d. (c) Normalized
velocity proﬁle vx at the cross section in between obstacles.

ratio and, therefore, the driving force along the channel
for the anisotropic thermophoretic pump here investigated.
In order to investigate the eﬀect of the aspect ratio and
reasonably decouple it from the other geometrical eﬀects,
we perform simulations varying the channel width and
interpillar separation by keeping ﬁxed ratios, D/W = 2.93
and H = D, and varying the wall temperatures to ﬁx
∇T = 0.0105. Figure 11 shows the ﬂow streamlines for the
largest aspect ratio here investigated, which can be compared with the streamlines of a smaller aspect ratio in Fig.
2. Interestingly, the ﬂow patterns are very similar, which
veriﬁes that the shape of the ﬂow streamlines is determined
by the ratios D/W and H /D.
The measured normalized averaged ﬂux in Fig. 12(a)
very nicely shows a linear increase with W/d. Moreover,
this similarity can be inferred also from the constant stagnation angle ϕ as well as the rescaled stagnation distance
Sd /W for diﬀerent aspect ratios in Fig. 12(b). The ﬂow
velocity proﬁles vx (z) perpendicular to the walls normalized by W/d collapse with a small deviation at the smallest
aspect ratio, as shown in Fig. 12(c). This linear behavior
implies that even with a small aspect ratio, we still obtain
the same features of the study on the ﬂow patterns and the
averaged ﬂux J̃ .

In order to provide an estimation of the actual pumping
capability under experimental conditions of the proposed
microﬂuidic device, we need to map the simulation units
of the MPC model to those of real physical systems. We
employ a similar strategy as the one introduced in Ref.
[14], where three relevant MPC quantities are matched to
real physical units. Very reasonable choices are to match
the average MPC temperature T to 300 K and the mass
density of the solvent to the density of water, 103 kg/m3 .
The choice for the length scale is, however, much more
arbitrary, but we can make a realistic choice of channel widths
√ between 20 and 100 μm. This allows us to
identify kB T/m and, therefore, the typical velocities in
this work to be in the order of 5 to 50 μm/s, which are
competitive for the design of microﬂuidic devices. Furthermore, higher velocities could be reached since Fig. 12
shows that the velocity linearly increases with the obstacle aspect ratio, given that the ratio of channel width to
obtacle length H /W and, more importantly, the temperature gradient ∇T are kept constant. On the other hand,
it should be considered that the mesoscopic nature of
the solvent makes it impossible to simultaneously match
all the relevant physical quantities. In this way, with the
above parameter choices, we provide a reasonable match
to the ratio αT ∇T/η, although not to each of the involved
quantities. It is also very important that most parameters
employed in the simulations are chosen due to computational eﬃciency, which is not related to any limitation
of the physical phenomenon. Thus, simulations of larger
systems, with smaller ∇T and larger αT , are in principle
possible, although not really meaningful at this stage. In
this sense, the above dimensions should only be taken as
an educated guess, with other sizes and velocities possible
as well, in particular, considering the variaty of properties depending on the employed materials and system
conditions.
IV. ALTERNATIVE SETUPS
The simulations presented in this work have so far considered only straight microchannels with ﬁxed obstacles
placed equidistant from the walls. There are, however,
FIG. 13. Sketches of nonstraight channel conﬁgurations
for anisotropic pumps, with the
pillars kept at tilted orientations
with respect to the walls. Note
that, although the ﬂux direction
here corresponds to χT > 0, the
reverse direction is also possible by modifying the material
properties.
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FIG. 14. Sketch of the four consecutive conﬁgurations of a generator of alternating ﬂow, in which states of no-ﬂow and ﬂow with
positive and negative directions can periodically alternate.

no restrictions for building functional microﬂuidic devices
based on the anisotropic thermophoretic eﬀect. In the case
that the pillars are not placed equidistant from the walls,
the ﬂuid streams with a nonsymmetric pattern, but in general the net ﬂuid ﬂux remains. In the limiting situation in
which the obstacles are in contact with one of the walls,
the system is similar in spirit to the phoretic ratcheted
microchannels [14,68], where a net ﬂux with a shearlike
velocity proﬁle is generated. The channels do not need to
be straight either, and corners or curved geometries, as
those shown in Fig. 13, do not hinder the ﬂuid motion
when the pillars are kept at the pertinent tilted orientation
with respect to the walls. This is particularly important for
microﬂuidic applications of this phenomena, since it shows
that implementation in arbitrary geometries is possible.
Other interesting applications of the anisotropic phoretic
eﬀect in microﬂuidics are ﬂuid mixers and generators of
alternating ﬂow. Fluid mixers can be obtained by building
microchannels with elongated pillars ﬁxed in the middle
of the channel with a ﬁxed angle, but with alternating positive and negative orientation, which would be adopting
a type of “w” or symmetric saw disposition. In this case,
types of Rayleigh-Bernard counter-rotating vortices are
induced with sizes determined by the obstacles positions
and rotating velocities given by the temperature gradients
and the thermophoretic pillar properties. When two ﬂuids converge into the phoretic micropump with anisotropic
obstacles, the mixing is highly enhanced due to the intricate shape of the ﬂuid ﬂow; see, for example, Figs. 6(b) or
9(b). For mixing ﬂuids [9,69–71], the pillars can, but do
not need to be elongated, and no particular orientation is
necessary.
The last structure that we discuss here is the generators
of alternating ﬂow, which emulates in some sense the alternating current of electromagnetic devices. The idea is to
change the orientation of the pillars with time according to
a prescribed protocol. This could be realized if movable
obstacles could be engineered or, more realistically, by
employing suspended elongated particles with ﬁxed centers of mass and orientations externally controlled by the
use of, for example, laser tweezers or rotating magnetic
ﬁelds. It is straightforward to predict that if the obstacle
orientation changes periodically with respect to the channel walls, the net ﬂux will change as indicated in Fig. 14,
from signiﬁcant in one direction, to canceling, to significant in the opposite direction, and then vanishing again.

An example of systems that could be employed for this
purpose are magnetizable particles in a nonmagnetic ﬂuid,
which in the presence of an external rotating magnetic ﬁeld
rotate with a constant frequency [72]. Although no simulation results are presented for the structures discussed in
this section, the extensive results presented in the previous
section serve as a strong proof of concept. This eﬀect can
be used not only as a ﬂow alternator, but for example also
as a ﬂow switch.
V. CONCLUSIONS
We propose a strategy to design microﬂuidic devices
based on anisotropic phoresis that use the asymmetric
response of elongated objects to externally applied gradients, depending on their relative orientation.
The magnitude of the ﬂow is determined by the phoretic
properties of the pillar surfaces and also by the channel’s
geometric properties. We show that this design can facilitate the tunability of ﬂow velocity and pattern by solely
altering the orientation, aspect ratio, rugosity, or phoretic
aﬃnity (thermophobic or thermophilic) of the obstacles
inside the same microchannel. The ﬂux naturally increases
with the obstacle aspect ratio and it is directly proportional
to the pillar phoretic anisotropic factor. This means that the
ﬂux direction is not dictated by the thermophilic or thermophobic character of the surface, but by the anisotropic
thermophoretic factor, which also depends, for example,
on the surface properties, such as rugosity [44]. This might
be counterintuitive, but it also provides the devices with
an additional degree of versatility. Interestingly, the current device uses anisotropic pillars at the mid-channel,
with an orientation that could eventually be manipulated
by, for instance, optical tweezers. This might inspire a
new avenue of microﬂuidic fabrication, such as ﬂuidic
switches, mixers, or ﬂow alternators.
The required temperature diﬀerences can be experimentally obtained in two fundamentally diﬀerent ways.
One is by laser illumination when one of the wall surfaces is metal coated [39,43]. Such optical heating can be
ﬂexibly and remotely controlled in a very precise and programmable manner, and this microscale optical control can
certainly ﬁnd applications in optoﬂuidics [36]. Alternatively, the microchannel walls can be in contact with heat
reservoirs at diﬀerent temperatures [34,73]. This contact
heating can proﬁt from existing residual heat ﬂux, which
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would eventually allow these devices to harvest part of
the waste heat. Moreover, the proposed device can facilitate the cooling down of microscale heat sources, such
as microelectronic chips. Furthermore, the current micropump needs only the presence of the walls and a simple
ﬂuid, but it will also be eﬀective in the presence of a
multicomponent ﬂuid in a single phase or in a multiphase
situation, where the pillars could interact with interfaces.
Although the micropumps here proposed have not yet
been practically realized, various existing experimental
results can serve as a proof of concept. An example is the
osmotic ﬂow, which has been shown to be responsible for
the formation of 2D thermophoretic colloidal crystals close
to a substrate [73,74]. Such ﬂow produces an intercolloidal attraction, which maintains the colloidal assembly
only in the presence of a temperature gradient. A diﬀerent example can be found in the experimental results of
a self-thermocapillary asymmetric gear [43], showing that
a gear with an outer radius of 8 μm can rotate with a
maximum angular velocity of 30 rad/s when externally
heated.
The discussion performed in this work focuses on
the thermophoretic case, but very importantly, all our
arguments can be straightforwardly generalized to other
phoretic eﬀects, such as diﬀusiophoresis or electrophoresis.
This is, for example, the case of a concentration gradient produced if one of the conﬁning walls has a catalytic
character. Simulation results have already demonstrated
anisotropic diﬀusiophoresis [46], as well as the conceptual equivalence of, for example, the thermophoretic gear
[41] and the catalytic counterpart [42]. Based on this
principle, a proof of concept has also been experimentally achieved for catalytic self-electrophoretic microrotors
[75], which show how platinum microgears in solutions
of hydrogen peroxide with an outer radius of approximately 6 μm can rotate with a maximum angular velocity
of 1.5 rad/s. The mechanisms of the phoretic microgears
and ratcheted pumps [14,68] are diﬀerent, but also closely
related with the basic principle discussed in this work,
what strongly supports the experimental feasibility of the
devices proposed here in both their thermal and catalytic
versions.
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