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A turbine can convert translational kinetic energy of convective ﬂows into rotation and is one of the most
important machines to harvest energy from nature. Here, we propose a theoretical prototype of a microturbine that is powered purely by an external diﬀusive heat or mass ﬂux. The turbine rotates perpendicular
to the external thermal or chemical gradient due to fore-and-aft asymmetric thermophoresis or diﬀusiophoresis. Thus, its performance does not need alignment. The prototype turbine is validated by means
of computer simulations. The results show that the angular velocity of the turbine sensitively depends
on its structure and interactions with the solvent. This perpendicular-axis phoretic turbine provides large
ﬂexibility and the possibility to exploit existing thermal or chemical energies at small scales.
DOI: 10.1103/PhysRevApplied.12.034051

I. INTRODUCTION
Turbines can extract mechanical work from convective
ﬂows and are often used to harvest energy from nature.
Most turbines operate on macroscopic scales, including wind turbines, hydraulic turbines, or steam turbines.
Light-driven microturbines have also been developed
recently [1–4]. The common principle of such turbines is
to utilize a nonsymmetric structure to convert the momentum of a convective ﬂow into rotational torque. Besides
convective ﬂows, diﬀusive ﬂuxes also carry exploitable
energy, including heat ﬂuxes from temperature gradients
or mass ﬂuxes from concentration gradients. Such diﬀusive ﬂuxes are ubiquitous on small scales, from thermal
gradients in microelectric chips to chemical gradients in
microﬂuidics. In the presence of a thermal or chemical
gradient, mesoscopic particles, such as colloids, exhibit
directed motion in the gradient ﬁeld; this phenomenon
is known as phoresis [5–9]. Our recent theoretical work
[10,11] led to the design of microturbines powered by a
diﬀusive (heat or mass) ﬂux based on anisotropic phoresis [12]. These phoretic microturbines are in fundamental
contrast to traditional turbines. The phoretic microturbines
are able to exploit heat and chemical energies from external temperature and concentration gradients, which would
be otherwise wasted through heat conduction or mass
diﬀusion.
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In external gradient ﬁelds, the diﬀusive-ﬂux-driven turbines proposed previously are subjected to a phoretic
torque parallel to the gradient and unidirectionally rotate
along the diﬀusive ﬂux [10,11]. On the other hand, for convective ﬂow-driven turbines, the rotational direction can
also be designed to be perpendicular to the ﬂow direction,
e.g., the Darrieus wind turbine [13,14] and waterwheel.
This provides more choice and additional advantages for
practical applications. In line with the apparent similarity
between convective and diﬀusive turbines, it is interesting
and desired to investigate the possibility of phoretic turbines with their rotational direction perpendicular to that
of external diﬀusive ﬂows.
Here, we present a design for both thermophoretic
and diﬀusiophoretic microscale turbines that can spontaneously and unidirectionally rotate perpendicular to external diﬀusive heat and mass ﬂuxes, respectively. The proposed diﬀusive turbines consist of microscale blades with
fore-and-aft nonsymmetric phoretic eﬀects. This phoretic
asymmetry can induce a driving phoretic torque perpendicular to the external thermal or chemical gradient on
the turbines. The feasibility of this type of perpendicularaxis phoretic turbines is justiﬁed by performing mesoscale
dynamics simulations. The obtained results are consistent
with symmetry analyses.
II. MODEL AND SIMULATION METHOD
For simplicity, we consider a 2D turbine system (Fig. 1).
The turbine is composed of three blades connected to
the turbine center by rigid bonds of length L (geometric
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FIG. 1. Schematic diagram of a microscale turbine consisting
of three dumbbell particles, which are connected by rigid bonds
(gray) and form a rigid body. The included angle between two
bonds is 2π/3. The turbine center (O) is ﬁxed in the middle of
the system. The ﬂuid particles are not drawn explicitly.

constraint). The turbine is allowed to rotate freely around
its center, which is ﬁxed in a solution. Each blade is a
dumbbell consisting of two beads (I and II), separated
by a distance of d. To achieve a phoretic turbine that
spontaneously and unidirectionally rotates perpendicular
to the gradient, the following three symmetries have to
be broken. The ﬁrst one is time-reversal symmetry, which
is intrinsically broken because of the gradient-induced
nonequilibrium state. The second symmetry that needs to
be broken is mirror reﬂection through a plane containing
the rotational axis, since, otherwise, the turbine and its
mirror image have the same rotational direction, which
means no net rotation. For example, a general hexagonal turbine with identical blade beads is mirror-reﬂection
symmetric with respect to the plane formed by the rotational axis and any rigid bond. Due to symmetry, such
a turbine is stable when a rigid bond is parallel to the
gradient ﬁeld. The third one is fore-and-aft symmetry of
the phoresis of the blade, that is, reversal of the blade
does not aﬀect the phoretic force upon it. This requirement can be understood by noting that reversal of the
turbine blades leads to opposite rotation of the turbine,
such that the rotational velocity must be vanishing if the
blade phoresis is fore-and-aft symmetric. Therefore, asymmetric phoresis is critical for building perpendicular-axis
phoretic turbines and it is explained in detail as follows.
Notably, the third symmetry does not imply the second
one, since a regular hexagonal turbine with diﬀerent blade
beads [see Fig. 4(c)] clearly breaks the third symmetry, but
still meets the mirror-reﬂection symmetry.
A. Fore-and-aft asymmetric phoresis
In solutions with thermal or chemical gradients, ∇,
suspended particles can be subjected to a driving force,
and hence, drift along or against the gradients; these phenomena are often referred to as thermophoresis [6,7,15–
19] or diﬀusiophoresis [8,20–23], respectively. Phoretic
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eﬀects have been widely used to manipulate mesoscale
particles [24–30] and to design active colloids [31–33].
For an isotropic particle, the phoretic force depends on
the gradient by fp = α∇, with a scalar prefactor, α
[5–8]. For instance, in the case of thermophoresis, ∇ =
∇T and α = −αT kB , in which kB is the Boltzmann constant, αT = TST is the thermodiﬀusion factor, and ST is
the Soret coeﬃcient [6,34]. For diﬀusiophoresis, ∇ =
∇c and α = αD = γ DDP /c, in which γ and DDP refer
to the frictional coeﬃcient and diﬀusiophoretic mobility,
respectively [20,21]. Generally, for an anisotropic particle
with nonsymmetric geometry or nonuniform material, the
phoretic factors will have diﬀerent components, and scalar
α is then replaced by a tensorial prefactor, namely, fp =
 · ∇. Here, the elements of  may generally depend on
the orientation of the particle.
Previous studies [10–12] have shown that the phoresis of a homogeneous rodlike particle can be described
by two independent factors, which correspond to phoretic
factors along the long and short axes of the particle. Due
to this anisotropy, the phoretic force on the particle may
have a component perpendicular to ∇, by which one can
design diﬀusive-ﬂux-driven turbines rotating parallel to the
gradient.
Now, we consider a colloidal dumbbell consisting of different beads, I and II [Fig. 2(a)]. It is expected that such
a particle suﬀers from diﬀerent phoretic forces with its
fore (n+ ) or rear (n− ) ends toward ∇ [Fig. 2(a)], since
the local environments felt by the particle in the two conﬁgurations are diﬀerent. Speciﬁcally, the phoretic force
not only depends on the ﬁeld gradient, but also on local
solute concentration [5,35–37] or temperature [38,39] via
the phoretic factor. This dependence of the phoretic factor
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FIG. 2. (a) Schematic diagram of an asymmetric dumbbell
ﬁxed in a solution with a thermal or chemical gradient. The
yellow and cyan beads refer to bead I (fore end of the dumbbell) and bead II (rear end), respectively. The left red wall
represents a high-temperature or high-concentration wall. The
phoretic forces on the dumbbell of conﬁgurations n+ and n− are
F+ and F− , respectively. (b) The phoretic force diﬀerences as a
function of bead separation. Squares and circles correspond to
thermophoretic (with ∇T  −0.0167) and diﬀusiophoretic (with
the concentration gradient of species B, ∇c  −0.088) cases,
respectively. Lines are used to guide the eye.
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on local concentration or temperature is critical for breaking the fore-and-aft symmetry of phoresis of the dumbbell.
Although the centers of the dumbbell for conﬁgurations n+
and n− are identical, the local physical conditions encountered by beads I and II of the dumbbell are swapped. This
results in a change of the phoretic force on the dumbbell. Note that the breaking of fore-and-aft symmetry for
phoresis is related to, but not equivalent to, phoretically
asymmetric particles (e.g., partially coating Janus particles), the constituent materials of which on the two sides
have heterogeneous phoresis. That is, a Janus particle
with heterogeneous material does not necessarily exhibit
fore-and-aft nonsymmetric phoresis.
Using this anisotropic dumbbell as the blade, we can
construct a turbinelike structure (see Fig. 1). In a gradient ﬁeld, such a turbine is expected to rotate perpendicular
to the gradient, as it meets all the required asymmetries
for unidirectional rotations discussed above. Therefore, we
expect that the turbinelike structure experiences a nonzero
phoretic torque perpendicular to the gradient, and hence,
rotates around its ﬁxed center. To verify the feasibility
of the designed turbine, we use a hybrid mesoscale simulation scheme to bridge the gap in characteristic time
and length between the solvent molecules and the turbine. Here, the ﬂuid is simulated by multiparticle collision
dynamics (MPC) [40–43], while the turbine is described
by standard molecular dynamics (MD).
B. MPC ﬂuid
In MPC, the solvent is modeled as N pointlike particles
of mass m, with continuous positions ri (t) and velocities
vi (t). The particle dynamics consists of alternating streaming and collision steps. In the streaming step, all solvent
particles move ballistically for time h. In the collision step,
particles are sorted into a square lattice with lattice size
a, and interchange momentum relative to the center-ofmass velocity of each collision cell. In our simulations,
the stochastic rotation collision rule with variable collision angle α, introduced by Ryder and Yeomans [43,44],
is employed. This collision rule locally conserves mass,
linear momentum, energy, and angular momentum. Thus,
the algorithm can properly capture hydrodynamics, thermal ﬂuctuations, thermal conduction, mass diﬀusion, and
dissipation. Simulation units are reduced by setting a = 1,
m = 1, and the system mean temperature √
to kB T = 1.0.
From the basic MPC units, the time unit√is a m/kB T, such
that the unit for angular velocity is (a m/kB T)−1 . In the
simulations, we employ h = 0.1 and the mean number of
solvent particles per cell ρ = 10.
Unless otherwise stated, the simulation box is a square
of dimensions Lx = Ly = 48, with nonslip boundary
walls [45] in the x direction and periodic boundary conditions in the y direction. The external gradient ﬁeld is
applied in the x direction. In the case of the thermophoretic

turbine, the temperature gradient is established by thermostatting thin ﬂuid layers close to the left and right
walls with diﬀerent temperatures. This boundary thermostat [46–49] ensures that heat conduction can be correctly
accounted for inside the system. In the diﬀusiophoretic
case, the MPC ﬂuid is a binary mixture consisting of
equimolar species A and B. These two species couple to
each other via MPC collisions and are only distinguishable
in their collisions with the turbine [50,51]. The stationary
chemical gradient is produced by ﬁxing the molar fraction
of B-type ﬂuid particles near the two walls to diﬀerent values [11], which are easily obtained by changing the particle
species accordingly. The boundary operation for establishing a chemical gradient is equivalent to a system connected
to two reservoirs with diﬀerent concentrations and ensures
that mass diﬀusion is physically correct inside the solution.
C. Microscale turbine
In the simulations, L and d (Fig. 1) are varied to achieve
diﬀerent turbine structures. The beads interact with the
solvent particles through Lennard-Jones (LJ) type potential
 

σ 2n  σ n
U(r) = 4
−
+ c r ≤ rc .
r
r
Here, r refers to the distance from the bead center to the
solvent particle,  to the potential intensity, σ to the bead
radius, n to a positive integer describing the potential stiﬀness, and rc to the cutoﬀ distance. By considering c =  or
c = 0 together with the corresponding rc , the potential can
be purely repulsive or have an attractive tail. Throughout,
σ = 3 and  = 1 are used, and n is varied. For convenience, the notations rep(n) and att(n) are used to represent
the repulsive and attractive LJ potentials, respectively, with
a prescribed n. To model fore-and-aft asymmetry, the two
beads of the blade have diﬀerent interactions with the solvent, which are separately denoted as UI and UII . The mass
of the bead is set to M = π σ 2 ρm, such that the turbine is
neutrally buoyant. The equations of motion of the turbine
and its neighbouring solvent are integrated by the velocity
Verlet algorithm with a time step t = h/50.
III. RESULTS
A. Dumbbell blade
Before simulating the phoretic turbines, we check
whether the nonsymmetric dumbbell has fore-and-aft
asymmetric phoresis. For this purpose, we directly
measure the phoretic forces on the dumbbell ﬁxed with
conﬁgurations n+ and n− [Fig. 2(a)], namely, F+ and
F− , respectively. To enhance the asymmetry of the dumbbell, the interactions of the two beads with the solvent
are chosen in such a way that the two beads experience
opposite phoretic forces. For the thermophoretic dumbbell, we take UI = att(30) and UII = rep(3), such that
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The mean rotational angle of a typical thermophoretic
turbine in a thermal gradient is plotted in Fig. 3(a). The
results show that the turbine indeed unidirectionally rotates
perpendicular to ∇T. Here, a counterclockwise rotation is
deﬁned as positive. Interestingly, the rotational direction
is independent of the direction of the thermal gradient.
The independence comes from the fact that changing the
direction of ∇T is simply equivalent to changing the
initial angle of the turbine relative to the x axis (see
Fig. 1), and thus, does not aﬀect the rotational direction.
The perpendicular-axis turbine shares the same features
as those of the Darrieus wind turbine, the performance
of which does not need an alignment operation. Opposite
rotation is achieved by inverting each dumbbell blade with
respect to its center [Fig. 3(a)]. If ∇T = 0, no net rotation
occurs. Figure 3(b) plots the angular velocity of the turbine, ω, as a function of ∇T, which is symmetric about
∇T = 0.
Further, we study the geometric eﬀect on turbine performance by systematically tuning d and L, as illustrated
in Fig. 4. Figure 3(c) shows that the rotational direction
and magnitude depend on L and d. In particular, the angular velocity exhibits a nonmonotonic dependence on d, and
vanishes for certain conﬁgurations [regular hexagon, as in
Fig. 4(c), and regular triangle, as in Figs. 4(a) and 4(e)], in
which the turbine obeys mirror-reﬂection symmetry. This
agrees with the symmetry analysis presented in Sec. II.
The geometric dependence provides ﬂexibility for designing and optimizing the turbine. The driving torque on the
turbine could, in principle, be calculated theoretically, once
the thermophoretic force on each bead is known. However,
because the thermophoretic force varies with the temperature felt by the bead (hence its position) and diﬀerent beads
of the turbine may lead to a correlation eﬀect, a theoretical
calculation of the phoretic torque is far from trivial.
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beads I and II are separately thermophobic or thermophilic
[52,53]. While, for the diﬀusiophoretic blade, we take
UI,A = UII,A = rep(24), UI,B = att(30) and UII,B = rep(3),
where the subscript, A or B, denotes the solvent component. As a consequence, the diﬀusiophoretic forces exerted
on beads I and II are, respectively, along and against the
concentration gradient of species B [50,51].
Figure 2(b) plots the force diﬀerence, F = F+ − F− ,
as a function of d, which shows that the phoresis of the
dumbbell is indeed fore-and-aft nonsymmetric. Nonvanishing F arises from the fact that dumbbells n+ and
n− are not equivalent in the gradients, as explained in
Sec. II. Unless the dumbbell is symmetric or the gradient
is lacking, the phoretic asymmetry generally exists. We are
now in the position to investigate the perpendicular-axis
phoretic turbines that consist of the asymmetric dumbbell
blades (see Fig. 1).
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FIG. 3. Rotation of a thermophoretic turbine with UI = att(30)
and UII = rep(3). (a) Rotational angle of the turbine versus time.
Here, diﬀerent values of ∇T are considered, and “inverted” refers
to the turbine with blades inverted relative to that in Fig. 1.
(b) Angular velocity of the turbine as a function of temperature
gradient. In (a) and (b), d = 9 and L = 10 are used. (c) Angular velocity as a function of L for d = 6 (bottom horizontal axis,
red circle) and of d for L = 10 (top horizontal axis, blue triangle), with ∇T  −0.0167. Here, triangles “A–E” correspond to
turbines (a)–(e) in Fig. 4, respectively.

In our 2D systems, ﬁnite size eﬀects may be signiﬁcant,
owing to hydrodynamic interactions. We study the ﬁnite
size eﬀects on the obtained results by performing additional simulations with diﬀerent system sizes. The angular
velocities for diﬀerent system sizes are summarized in
Table I. The results show that the ﬁnite size eﬀects are
(a)

(b)

(c)
(e)

(d)

FIG. 4. (a)–(e) Several typical turbine shapes, as realized by
changing d with ﬁxed L. Turbines in (a) and (e) are regular
triangles, and the turbine in (c) is a regular hexagon.
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TABLE I. Finite size eﬀects on the angular velocity of the
thermophoretic turbine, with UI = att(30), UII = rep(3), L = 10,
d = 6 and ∇T  0.0167.

C. Diﬀusiophoretic turbine
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not important in our simulations, except for a very small
system size. This is because the ﬂow ﬁeld induced by the
rotation of the microturbine is relatively short-range.
Finally, we provide an evaluation of the performance of
the thermophoretic turbine under experimental conditions.
This can be roughly obtained by mapping the simulation
units of the MPC model to those of real physical systems. We employ a similar strategy to that introduced in
Refs. [41] and [54], in which the mean simulation temperature, T, is matched to 300 K and the mass density
of the MPC solvent to that of water, 1 g/cm3 . We further consider the radius of the dumbbell bead, σ = 1 μm.
From these three parameters, all other physical quantities can be derived, for instance, the size of the collision
cell, a = 1/3 μm; the mass of a MPC ﬂuid particle,
m
√
4 × 10−18 kg; and the simulation time unit, a m/kB T 
10−5 s. Thus, from Fig. 3(c), the typical angular speed of
the thermophoretic turbine is about 3 Rad/s. However, the
mesoscopic nature of the MPC solvent makes it impossible to simultaneously match all relevant physical quantities
to their realistic values. For example, the mapped solvent
viscosity, η, is 100 times smaller than that of water; the
mapped ∇T is 15 times larger than that of the experimental
case; and αT of the simulation dumbbell bead is 200 times
smaller than that of a polystyrene particle with a radius of
ps
1 μm, αT ∼ 2000 [39]. To validate the mapped angular
speed, we need to analyze all derived quantities that inﬂuence the angular speed, i.e., η, ∇T, and αT . Their eﬀects
on the turbine angular speed can be given by the ratio of
the realistic αT ∇T/η to its mapped value, since low η and
high ∇T result in an overestimation of the angular speed,
while small αT underestimates the angular speed. With this
consideration, the mapped rotational speed is corrected by
a factor 0.13, such that ω ∼ 0.4 Rad/s.
In addition to mapping being obtained from the simulations, the realistic rotational speed of the microturbine
can also be evaluated by a dimensional argument directly
based on experimental quantities. In the steady state, driving and frictional torques on the turbine balance each other,
γr ω = τ , where the driving torque reads τ  δαT kB ∇Tσ ,
in which the prefactor δ ≤ 1 describes the degree of
phoretic anisotropy and the rotational frictional coeﬃcient
is γr  4π ησ 3 . Considering ∇T  0.2 K/μm and a moderate phoretic anisotropy δ = 0.2, we have ω ∼ 0.1 Rad/s
for the thermophoretic turbine with 1 μm blade bead,
which is comparable to that obtained from the mapping
outlined above.
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After investigating the thermophoretic turbine, we simulate the diﬀusive mass-ﬂux-driven turbine, and the simulation results are plotted in Fig. 5. As expected, the
diﬀusiophoretic turbine has similar rotational features to
that of the thermophoretic one. The diﬀusiophoretic turbine rotates perpendicular to the external chemical gradient spontaneously and unidirectionally; for a given turbine, changing ∇c only aﬀects its rotational speed, rather
than its rotational direction [Figs. 5(a) and 5(b)]; and the
angular velocity of the turbine signiﬁcantly depends on
its structure [Fig. 5(c)] and vanishes for structures with
mirror-reﬂection symmetry.
Since the diﬀusiophoretic turbine is driven by nonsymmetric diﬀusiophoresis of the constituent blades, one
expects that the angular speed of the turbine is enhanced
as the asymmetry of the blade increases. To test this
argument, we implement simulations for turbines with different UI,B (n). Upon ﬁxing all other parameters, reducing
n of UI,B (n) increases the range of the attractive potential well, and hence, its eﬀective strength, which increases
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FIG. 5. Rotation of a diﬀusiophoretic microturbine with UI,A =
UII,A = rep(24), UI,B = att(30), and UII,B = rep(3). (a) Rotational angle of the turbine versus time. Here, diﬀerent values
of ∇c are used, and “inverted” refers to the turbine with blades
inverted relative to that in Fig. 1. (b) Angular velocity of turbine as a function of the concentration gradient of species B.
In (a) and (b), d = 6 and L = 10 are used. (c) Angular velocity as a function of L for d = 6 (red circle, bottom horizontal
axis) and of d for L = 10 (blue triangle, top horizontal axis),
with ∇c  −0.088. The open diamond and square correspond to
turbines with UI,B = att(20) and att(16), respectively, in which
d = 6 and L = 8. Vertical line and arrow are used to guide
the eye.
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the asymmetry of the blade. The simulation results [see
the symbols on the longitudinal red line in Fig. 5(c)] display a clear enhancement of ω as n decreases (asymmetry
increases); this is consistent with our analysis.
In the following, we estimate the realistic rotational
speed of the diﬀusiophoretic turbine with blade beads of
1 μm. Previous experiments show that a polystyrene carboxylate particle of radius 0.1 μm in a solution of LiCl
of concentration 0.05 M has a diﬀusiophoretic mobility of DDP ∼ 300 μm2 /s [21]. In general, DDP is sizeindependent in the thin Debye layer approximation [29],
such that the diﬀusiophoretic coeﬃcient of the 1 μm
bead is αD ∼ 1.1 × 10−4 kg μm2 /s2 M . Using a mapping
strategy similar to the thermophoretic case, we obtain
ω ∼ 1.2 Rad/s. On the other hand, from the dimensional argument, the rotational speed is estimated as ω 
δαD ∇c/4π ησ 2 ∼ 0.9 Rad/s, under a moderate concentration gradient ∇c ∼ 5 × 10−4 M /μm. Thus, the mapped
angular velocity from the simulation agrees with that
obtained from the dimensional argument.
IV. DISCUSSION
The proposed phoretic microturbines are fundamentally
diﬀerent from existing active microrotors. The driving
ﬁelds or key ingredients for the motion of active microrotors are usually generated locally by the self-propelling
elements on the rotor, even in the presence of an applied
external ﬁeld [32,55–57]. The individual blade of the
active microrotors self-propels along its intrinsic symmetric axis, regardless of the orientation of the external
ﬁeld. Our microturbines, however, are passive devices that
are directly driven by externally existing gradient ﬁelds.
The blade of our microturbines exhibits passive phoresis
instead of self-phoresis.
As a proof of concept, the estimated rotational speeds
of our turbines are suﬃcient for possible applications in
microﬂuidics, with large room for technical improvements.
For instance, the angular velocity of turbines operating at
a gas-liquid interface can increase by orders of magnitude
larger via diﬀusiocapillary or thermocapillary eﬀects [58],
and the selection or development of materials with a
giant phoretic factor [59] can signiﬁcantly improve the
turbine performance. Moreover, due to the temperature
(concentration) dependence of phoretic factors [35–39],
the anisotropy of the blade phoresis is expected to be
dependent on temperature (or concentration). These dependencies provide additional degrees of freedom to optimize
and tune the performance of the phoretic turbines.
The phoretic microturbines we propose can be fabricated using colloidal synthesis and assembly techniques.
For instance, a Janus particle with fore-and-aft nonsymmetric phoresis is a natural choice for the blades of
microturbines. Thus, rigid doublets or triplets of Janus
particles may constitute a simple microturbine; these are

often formed spontaneously during the manufacturing of
Janus particles [32,56]. The assembly of microturbines can
also be directed by optical tweezers; the bonds between
particles are created by UV-activated reactions. Another
route to prepare microturbines is to take advantage of stateof-the-art micro- or nanofabrication techniques, including
laser direct writing, focused ion beam, or photolithography, together with metal deposition [57]. These microor nanofabrication techniques can create complex shapes
with high precision. The required fore-and-aft nonsymmetric phoretic property of each blade can be realized either
by geometry alone, which greatly reduces the engineering
complexity, or by selective deposition. A freely moving
turbine may still drift parallel to the gradient from the nonvanishing phoresis of the whole turbine. The turbine can be
pinned by an external axis through the center, fabricated
using the laser direct writing technique, or by optical or
magnetic tweezers. In the case of ac-type gradient ﬁelds,
no pinning is needed to maintain unidirectional rotation of
the microturbines with a vanishing average drift.
Finally, we discuss potential applications of the phoretic
turbines. Passive microturbines driven by external gradients can extract useful work directly from waste heat or
chemical diﬀusion. This is in contrast to existing selfphoretic active rotors that require spending “fuel” to create
local gradients for propulsion; hence, these rotors cannot
recycle waste energy carried by external diﬀusive ﬂuxes.
Speciﬁcally, a phoretic microturbine with magnetic material rotating in diﬀusive ﬂuxes can generate electric power
due to induction. Such energy harvested on a small scales
can be used to power microdevices connected to the turbine, e.g., artiﬁcial ﬂagella, which is reminiscent of the
rotary motor of bacterial ﬂagella. It is unlikely, however, to
be a solution to macroscopic energy needs. Another possible application of these turbines is as a stirring device.
A diﬀusiophoretic turbine can mix multiple components
in the presence of chemical inhomogeneity (microﬂuidic
mixer); a thermophoretic turbine can facilitate heat conduction in the presence of thermal inhomogeneity. When
the turbine is asymmetrically pinned in a microchannel,
due to asymmetric hydrodynamic interactions with the
channel boundaries, the rotational turbine can generate a
net ﬂuid ﬂow through the channel, which is a microﬂuidic
pump. On the other hand, when turbine rotation is externally constrained, the nonvanishing phoretic torque can
produce a quasi-long-range rotational ﬂow ﬁeld around the
turbine, constituting a rotational pump.
V. CONCLUSIONS
We show that an external diﬀusive heat or mass ﬂow
can drive a microturbine to rotate perpendicular to the ﬂow
direction by performing mesoscale dynamics simulations.
The driving mechanism is based on fore-and-aft asymmetric phoresis. The performance of the phoretic turbine thus
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requires no aligning operation. This scenario is reminiscent
of Darrieus-type turbines driven by external convective
ﬂows, but with essentially diﬀerent physics. The present
work is an important complement to previously proposed
prototype phoretic turbines that rotate parallel to the external gradients [10,11]. Therefore, the perpendicular-axis
phoretic turbines enrich external gradient-driven micromachines, and suggest the possibility to exploit otherwise
wasted energy carried in diﬀusive ﬂuxes that are ubiquitous on the microscale.
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