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A microscale turbine driven by diffusive mass flux
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An external diffusive mass flux is shown to be able to generate a mechanical torque on a microscale
object based on anisotropic diffusiophoresis. In light of this finding, we propose a theoretical proto-
type micro-turbine driven purely by diffusive mass flux, which is in strong contrast to conventional
turbines driven by convective mass flows. The rotational velocity of the proposed turbine is de-
termined by the external concentration gradient, the geometry and the diffusiophoretic properties
of the turbine. This scenario is validated by performing computer simulations. Our finding thus
provides a new type of chemo-mechanical response which could be used to exploit existing chemical

energies at small scales.

PACS numbers: 66.10.C-, 07.10.Cm, 02.70.Ns

INTRODUCTION

As a fundamental microscopic process, diffusion is at
the heart of many physical, chemical and biological phe-
nomena [1]. Besides mass transportation, diffusive fluxes
induced by concentration gradients also carry exploitable
chemical energy. Concentration inhomogeneities are u-
biquitous in nature, from the estuary of rivers to the in-
side of living cells. In particular, chemical gradients are
becoming an essential ingredient for lab-on-chip research,
which can be generated by different microfluidic gradient-
generators [2-6]. Harnessing the chemical energy in exist-
ing concentration gradients is therefore of great practical
and fundamental importance. So far, all the strategies
proposed are based on (partially) ion-selective transport
through electrodes, membranes or nano-pores [7-11], and
most of them convert chemical energy into electrical en-
ergy. On nano- and microscales, it would be more con-
venient and versatile to utilize this energy if direct con-
version to mechanical energy could be achieved.

It is known that diffusive and convective mass flows
can exert mechanical forces on an immersed object by
diffusiophoretic effect [12-14] and deflection of the mo-
menta of macroscopic particle flow, respectively. Inspired
by this apparent resemblance and the fact that convec-
tive flows can produce a torque to drive a turbine, one
interesting question is whether an external curl-free dif-
fusive mass flux can generate a torque on a microscale
turbine-like structure. If the answer is positive, such
chemo-mechanical effect will be particularly suitable for
designing miniaturized machines, and would find many
potential applications.

In this work, we propose a scheme to obtain a torque
from an external diffusive mass flux. The principle is
based on anisotropic diffusiophoresis, by which an exter-
nal concentration gradient can lead to a perpendicular
mechanical driving force on a non-spherical immersed
object. With this scheme we construct theoretically a

microscale turbine that can unidirectionally rotate in an
external concentration gradient. Its validity is verifiea .-
performing state-of-the-art computer simulations. T«
diffusiophoretic microturbine is driven by purely diffu-
sive particle flux, which is conceptually different fi_.
conventional turbines driven by convective particle flu..
es. Therefore, the proposed chemo-mechanical schen ¢
allows one to harvest mechanical work directly from the
external concentration gradient. This opens up pronus.-
ing new routes to design chemical gradient-driven devic s
such as micro-motors, pumps, mixers, or sensors to con-
trol local microfluidic chemical gradients.

THEORY: ANISOTROPIC DIFFUSIOPHORESIS
AND DIFFUSIOPHORETIC MICROTURBINE

In solutions with spatial variation of solute conce..
tration, suspended particles can suffer from mechanical
driving force and hence drift along the gradient. Th'.
phenomenon is known as diffusiophoresis [12-16], ar '
belongs to the general class of phoretic effects incluc
ing eletro- and thermophoresis [12]. Recently, diffusi ~
phoresis has been widely used to design synthetic scu-
propelled microswimmers [17-26], where the swimm ors
catalyze chemical reactions to create local concentrat..
gradients of solute molecules. The diffusiophoretic force
arises from the interactions between particle and the su -
rounding inhomogeneous fluid environment induced by
the solute concentration gradient Ve, and is proportion-
al to Ve [12, 14, 15],

_ ~Dpp
c

f Ve. (0
Here, v and Dpp refer to the frictional coefficient an-'
the diffusiophoretic mobility, respectively [14, 15]. -
convenience, we define the coefficient ap = vDpp/c, suc’
that the diffusiophoretic force can be simply expressed «3
f=aopVe.
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Figure 1: Sketch of a diffusiophoretic micro-turbine and the
diffusiophoretic forces experienced by its blades. All the forces
are in the y — z plane, with concentration gradient along the
z axis. f is parallel to the blade plane, fs perpendicular to it,
f) goes along z and f, on the y axis. The rotational direction
of the turbine is parallel to the concentration gradient.

Equation (1) implies that the diffusiophoretic force al-
ways occurs in the direction of Ve, which is the case
for isotropic particles characterized by a unique ap. This
picture is however not generally valid for anisotropic par-
ticles, whose diffusiophoretic description is expected to
need multiple ap (tensor). In the presence of an exter-
nal temperature gradient, we have recently shown that
an anisotropic object requires multiple thermodiffusion
factors to correctly describe its thermophoretic behav-
ior [27] and, as a consequence, the temperature gradient
may then exert a torque on it. The similarity between
thermophoresis and diffusiophoresis thus suggests that
we could obtain a torque from an external concentration
gradient by using anisotropic particles.

To analyze the feasibility, we here consider a propeller-
like microscale object in a solution with concentration
gradient along z axis, as shown in Fig. 1. This device con-
sists of two connected blades with opposite orientation
with respect to z. Here, the orientation angle of a blade
(0 in Fig. 1) is defined as the angle between the blade
plane and the concentration gradient direction. Without
loss of generality, we confine the left-blade orientation
angle, 6, in the range of [-w/2, 0], and by constructing
the right-blade orientation angle, ', as opposite to the
left one, # = —6. The diffusiophoretic anisotropy of
each blade is characterized by different diffusiophoretic
coefficients in the directions perpendicular and parallel
to the blade plane, aps and ap;. The difference be-
tween ap s and ap; mainly depend on the geometry and
material properties of the blade. We first calculate the d-
iffusiophoretic force on one blade (say the left one). The
concentration gradient can be decomposed into the di-
rections perpendicular and parallel to the blade plane,
sin@|Ve| and cos@|Ve|, so the diffusiophoretic forces in

2

these two directions are separately written as,

fs = apssinf|Vgn

View Article OmmZ2)
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and
fi = ap1cosb|Ve|n;. (2

Here, ng and n; are the unit vectors perpendicular and
parallel to the blade plane, respectively. The total diff:--
siophoretic force on the blade is then f = f, + f;.

A remarkable feature of the anisotropic diffusiophor -
sis is that the diffusiophoretic force generally has a nor-
vanishing component perpendicular to the concentratic -
gradient, £, . With Egs. (2) and (3), the diffusiophoret..
forces along and normal to Ve read

fi = (ap,s sin? 0 + ap1 cos? 0)Ve, ()
and
fi = (ap1 —aps)sinfcosf|Ven,, (0

with n,; being the unit vector perpendicular to Ve. For
isotropic particles (ap s = ap1), f1 vanishes and Eq. ()
reduces to Eq. (1).

Due to the employed symmetry, the diffusiophoret’C
forces on the right blade have fl’| = fj and f| = —f).
Consequently, besides the diffusiophoretic force in tic
concentration gradient, 2f), there exists a torque actir g
on the propeller-like object along Ve,

T=dxf =d(aps —ap1)sinfcosfVe. (6,

Here, d is the separation between the centers of the t-
wo blades, with d = |d|, and the forces on each blade a e
assumed to act on the blade centers. The torque is deter-
mined by ap s — ap s, the external concentration gradi -t
Ve, and the blade orientation 6.

This diffusiophoretic torque can thus drive the mi-
croscale propeller to rotate unidirectionally around V..
The rotation is generated from the diffusive mass fluy in
a constant concentration gradient, which resembles ver=
much what a conventional turbine does in a convecti- »
flow, such as a water turbine. Hence, we name the pres- at
microrotor as diffusiophoretic turbine. When the driv ne
torque is balanced by the hydrodynamic friction, the tur-
bine reaches a steady rotational velocity, w = u, 7, wit*
1 being the rotational mobility of the turbine. To obtaia
an analytical estimation of p,., we approximate the whole
turbine as a non-slip cylinder of length [y and diamet r
dp, which correspond to the turbine dimensions in z —y
and z directions, respectively. In the Stokes regime, tl e
rotational mobility is calculated p, = 3\/mnl3; [28], with
A= —In(dg/lg)—0.662+0.917(dg /1) —0.05(dg /17)?
Considering Eq. (6) the steady angular velocity reads

" 3Adsin g cosf(ap s — ap1)Ve

ol

(1)
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Note that the proposed diffusiophoretic micro-turbine
is significantly different from existing catalytic self-
propelled rotors [29-36] in driving mechanisms and po-
tential applications. The present turbine is passively
driven by an external concentration gradient, which ex-
ists independently of the turbine. However, the catalytic
self-propelled rotors are actively driven by a local concen-
tration gradient which is produced by the rotor-catalyzed
chemical reactions. Therefore, the diffusiophoretic tur-
bine can harvest mechanical work from existing concen-
tration gradients in environment; while the catalytic self-
propelled rotors can not.

We emphasize that in the frame of phoresis, the present
diffusiophoretic turbine and the previous thermophoretic
turbine [27] share similar designing principle, but they
have completely different potential applications. In par-
ticular, the anisotropic diffusiphoresis provides us a nov-
el chemo-mechanical response, which could be applied to
biological, biomimetic and chemical systems.

SIMULATION METHOD

We perform computer simulations to examine the va-
lidity of the proposed scheme. We employ hybrid dynam-
ic simulations to bridge the gap between the mesoscop-
ic length and time scales of the micro-turbine and the
atomic scales of the solution. The solution is modeled
by a particle-based mesoscopic approach known as mul-
tiparticle collision dynamics (MPC) [37-41], while the
micro-turbine is described by standard molecular dynam-
ics (MD) method. In MPC, the solution is coarse-grained
into a large number of point-like particles with simple
collision rule, by which mass, linear momentum, angular
momentum and energy can be locally conserved. The M-
PC algorithm has been proven to properly capture hydro-
dynamic behaviors, thermal fluctuations, mass transport
and heat conduction, and has been widely used in studies
of complex fluids and synthetic micromotors [19, 26, 38—
44]. In the simulations we employ standard MPC pa-
rameters, and all quantities are dimensionless in terms
of the MPC units. The dynamic viscosity of the solvent
is around 7 ~ 3.2. The simulation box is a cuboid of
dimensions L, = L, = 50 and L, = 34, with periodic
boundary conditions in the z and y directions and non-
slip wall boundary [45] in the z direction.

In order to simulate a diffusiophoretic effect with an
external concentration gradient, we consider a solution
with equimolar species A and B. These two species cou-
ple to each other via MPC collisions [19, 26] and are only
distinguishable in their collisions to the wall and to the
turbine. To obtain a steady-state concentration gradient
we perform complementary operations at both walls, on
the wall at z = 0: A+W1 — B+W1, while on the wall at
z=L,: B+W2 — A+W2 both with the same reaction
probability . This is equivalent to a system connected to
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o = N W »~ O

diffusiophoretic force

0 25000 50007
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Figure 2: (a) Concentration distribution of B-solution part‘-
cles in the steady state with ¢ = 1. (b) Diffusiophoretic forces
acting on a fixed triangle blade as a time average, with t! e
concentration gradient Ve = 0.03. The left and right inset-
s correspond to the configurations of § = 0 and 6§ = —7/ ..
respectively.

two reservoirs with different concentrations. This boun -
ary concentration-gradient-generator ensures that mass
diffusion is correctly accounted for within the syster .
The magnitude of the gradient is tunable by changi=~
reaction probability. Figure 2a displays a steady-state
concentration gradient.

The turbine is composed of two connected triangular
blades, as depicted in Fig. 3a. Each blade consists ot a
single layer of monomer beads of radii R = 1.25, mount-
ed in the shape of a rigid equilateral triangle with edge
length [ = 11. A and B solution particles interact with
the turbine beads via different repulsive Lernard-Jones
potentials, U(r) = 4 {(%)% - (%)n} +1 for r < /21
Here, n = 3 and n = 24 are separately chosen for speci/ s
A and B. This difference in the interaction potential leads
to a measurable diffusiophoretic effect, which intuitive v
results from the mismatch between the forces exerted on
the blade by species A and B due to inhomogeneous coi.
centrations. In the simulations, the turbine center is fixe
in the middle of the simulation box to avoid the drift ¢
the entire turbine, and the turbine is allowed to rotate
only around the z-axis, with the momentum of inert’.
I = 2x10%. The equations of motion are integrated wit
a velocity-Verlet algorithm.

Figure 3: Simulation model of the diffusiophoretic micre
turbines. The turbines (a) and (b) have triangle blades h
different sizes, with orientation angles § = —¢' = —n/4. ()
Symmetric micro-turbine with § = 8" = —7/4. (d) The blad s
of the turbine are hexagonal, with § = -0’ = —x /4.
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RESULTS AND DISCUSSIONS

Before studying the motion of the turbine, we first
test if the triangular blades of the turbine do show the
anisotropic diffusiophoretic effect, by quantifying op s
and ap; in simulation. We consider a single blade fixed
in space with its plane parallel (6 = 0) or perpendicular
(6 = —m/2) to the concentration gradient, and measure
the diffusiophoretic forces on it (see Fig. 2b). For these
two configurations only the parallel component of the dif-
fusiophoretic force, f|, is nonzero. From Eq. (4) the ratios
between the measured forces and Ve correspond to op 3
and ap g, respectively. We thus obtain the coefficients
apy =~ 106 and aps =~ 71. So, the triangle blade is in-
deed diffusiophoretically anisotropic, which satisfies the
necessary condition for the constructed diffusiophoretic
turbine. Note that the precise values of ap are deter-
mined by the blade geometry and the solvent-turbine
interaction potentials, but the relative diffusiophoretic
anisotropy originating from the non-symmetric geome-
try of the blade is only weakly dependent on the specific
choice of the potentials.

We then measure the rotational angle of the turbine,
o, averaged over realizations as a function of time, as
plotted in Fig. 4. Results indicate that the externally
applied concentration gradient induces a unidirectional
rotation of the turbine, while simultaneously subject to
thermal fluctuations, as shown in the inset of Fig. 4. For
reference, we plot the result in the absence of diffusive
mass flux, where the mean rotational angle of the turbine
vanishes. Furthermore, for a symmetric turbine whose
two blades are parallel to each other, i.e. 8’ = 6 (Fig. 3c),
the torques exerted by the two blades cancel exactly such
that the net rotation of the turbine vanishes. In addition,
we also investigate the effect of the blade size and shape
on the turbine rotation. We find that the use of smaller
triangle blades (Fig. 3b) or hexagonal blades (Fig. 3d)
only slightly change the rotational velocity in the present
parameter regime.

In Fig. 5, we plot the angular velocity of the turbine
depicted in Fig. 3a, as a function of the concentration gra-
dient Ve and of the orientation angle of the blade 6. The
linear dependence of w on V¢ and non-monotonic vari-
ation with 6 are consistent with the theoretical predic-
tion in Eq. (7). For our simulation system, the Reynolds
number can be determined as Re = wi?/v, with v = 0.32
being the kinetic viscosity of the solvent. Under the max-
imum angular velocity, we obtain Re ~ 0.03, which is
small enough to consider the validity of the Stokes limit
employed in the derivation of Eq.(7). To quantitatively
compare the simulation with the theoretical prediction,
we need to quantify the distance between the centers of
the blades d, and the length and diameter of the cylin-
der used to approximate the rotational mobility, {7 and
dg. Considering the structure of the turbine in Fig. 3a

4
T T T — T
T T passive X
6.0 4.0 b sym < 7
2.0 | //\/'“/M - t_sma\lxlwewé%\decmme
ol ookl ] opyiamebicsicoogss
=)
g
= -
2.0 ' . . ;
0 1 2 3 4 5

t/10%

Figure 4: Averaged rotational angle as a function of time for
different turbines, with the concentration gradient Ve = 0.05.
Positive ¢ corresponds to the counterclockwise rotation u.
the turbines in Fig. 3. The notations trangle, small, sym ar u
hexagonal separately refer to the turbines (a), (b), (c) and (<.,
in Fig. 3, and passive to the case of Vc = 0. Inset corresponc .
to an instantaneous trajectory of turbine (a).

10.0 T 16.0 — T T T
simulation +——#— simulation +—&—
theory — ] theory _I
5.0 4 120
A
2 oof 8.0
3
5.0 | 141 40
¥ @
-10.0 1 0.0 1 1 1 |
-0.04 -0.02 0 002 004 -15 -12 -09 -06
Ue 6 (rad)

Figure 5: Angular velocity of the micro-turbine in Fig. 3a as
function of (a) the concentration gradient and (b) the orient.
tion angle 6, with the simulation units. Symbols correspor 1
to the simulation results, and lines to the theoretical predi
tions from Eq. (7). In the case of (a), § = —0' = —7/4; in the
case of (b), the concentration gradient is set as Ve = 0.0¢

and the size of the beads on the blade edges, we haie
d=2v31/3, 1y =2R++/3l and dgy = 2R +1cosf. With
these quantities and the previous measured ap; and ap,
the rotational velocity of the micro-turbine can be a»-
lytically determined from Eq. (7) without any adjusta’ le
parameter, as plotted in Fig. 5. This analytical ca. -
lation can very well describe the simulation results, ex-
cept for a moderate overestimation for the magnitude ¢
w. The deviation comes from the approximation used i1
the estimation of the rotational mobility and the implic-
it assumption in the analytical derivation that the loc u
concentration distribution of the solute molecule near tlic
turbine does not depend on the configuration of the tu -
bine blade and its motion. Clearly, the latter assumption
can be better satisfied for larger diffusivity of the solute
In our simulations, the turbine dimensions are abon t
1/3 and 1/4 of the system box sizes in the x (y) and
z directions, respectively. This corresponds to a weak. s
confined system, that is relevant in microfluidics. Thus,
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finite size effects may play a role in the performance of
the turbine. Given a constant external concentration gra-
dient, finite size effects mainly arise from the influence of
the system boundaries on the rotational flow field around
the turbine. Since the present turbine is external torque-
free, the resulted rotational velocity field is short-ranged,
decaying as (at least) 1/73 faster than that of a passive
turbine (1/r?). Therefore, the hydrodynamic finite size
effects are weak and larger simulation boxes are expected
to only slightly change the present quantitative results.

On the other hand, when the boundary walls come
very close to the rotating turbine, interactions between
the solvent flow and the walls will enhance the rotational
rate of the turbine, since the walls exert a hydrodynam-
ic frictional torque on the solvent in the direction of the
turbine rotation (Note that the fluid and turbine have
opposite rotational directions due to angular momentum
conservation). Moreover, the boundary wall could also
response to the existing concentration gradient and in-
duce an osmotic flow parallel to the walls. This diffusio-
osmotic flow may further influence the turbine rotation.

We here comment on the experimental feasibility of
the diffusiophoretic micro-turbine. The performance of
such a micro-turbine depends on the diffusiophoretic co-
efficient ap and the concentration gradient. A recen-
t experiment shows that a polystyren-carboxylate par-
ticle of diameter 0.2um in a solution of LiCl of con-
centration 0.05M has a diffusiophoretic mobility Dpp ~
300pm? /s [14]. With the particle fictional coefficient ob-
tained from Stokes law and the definition of the diffusio-
phoretic coefficient, we have ap ~ 1.2x10~°kgum? /s> M.
Thus, under a moderate concentration gradient V¢ ~
5 x 1074 M /um, we roughly estimate from Eq. (7) that
such a micro-turbine of ~ 0.2um can rotate at ~ 5 revolu-
tions per second. The rotational velocity could be further
enhanced by optimizing the geometry and the material
of the turbine and by using large concentration gradi-
ents that are common in microfluidics due to extreme
confinements. Therefore, this effect would be strong e-
nough for practical applications. Additionally, since the
diffusiophoresis can occur in both ionic and nonionic so-
lutions [12], the proposed turbine can work in both types
of solution environment.

Finally, we briefly discuss possible applications of this
new device, particularly in the field of microfluidics. The
diffusiophoretic turbine directly converts chemical ener-
gy in chemical gradients to mechanical work. It can be
used as a micro-motor to power other microfluidic de-
vices, which is a synthetic counterpart of biological ro-
tors driven by diffusive ionic flux, e.g, the rotary mo-
tor of bacterial flagella [46]. Another obvious applica-
tion of this turbine is as a stirring device (microfluidic
mixer) to mix multiple components in microchannels.
On the other hand, when the diffusiophoretic turbine
is fixed by external constraints, the non-vanishing dif-
fusiophoretic torque can produce a quasi-long-range ro-

Lab on a Chip

tational flow field around the turbine, which constitutes
a chemical gradient-driven rotational micr%@#}%&% pymp.
Furthermore, the diffusiophoretic tarhiness@ncitrmsic
chemo-mechanical sensor, which converts local chemical
gradient into mechanical signal. The signal can then
be employed to trigger valves or injection devices to ac-
tively control chemical gradients in microfluidic enviroi -
ments [47]. After calibration, such a sensor can be incor-
porated in microfluidic systems as an on-chip “chemice’-
gradiometer” that can measure local concentration gra-
dient in-situ. This gradiometer is based on purely phy. -
ical effect, such that is especially suitable for measurir
concentration gradients of chemicals that participate i
biochemical reactions. Lastly, anisotropic diffusiophore-
sis itself can induce a mechanical force, hence a motioi,
perpendicular to concentration gradient, which could I e
utilized to open or close channels, as chemical gradien.-
driven valves.

CONCLUSIONS

We have shown that an external curl-free diffusive ma s
flow can generate a torque to rotate a microscale turbine
This scenario is reminiscent of the conventional turbin: «
driven by convective particle flows, but with complet~"
different physical essences. In the present case, the driv
ing mechanism is based on anisotropic diffusiophoresi:
which is an interesting but rarely studied effect. Morr
over, the diffusiophoretic microturbine is also fundamer.
tally distinguished from existing catalytic self-propelle 4
microrotors [29-36], that actively “burn fuel” to gener-
ate motion, instead of passively extracting energy fro.n
surrounding environments. Our work therefore provides
new insight into diffusiophoresis, and constitutes imp -
tant, and until now missing, information on the chemo-
mechanical response. In view of the potential applica
tions of the novel chemo-mechanical effect, we hope th:+
our work will stimulate experimental investigations.
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