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ABSTRACT

We explore the chemotaxis of an elliptical double-faced Janus motor (Janusbot) stimulated by a second-order chemical reaction on the sur-
faces, aA + bB→ cC + dD, inside a microfluidic channel. The self-propulsions are modeled considering the full descriptions of hydrodynamic
governing equations coupled with reaction–diffusion equations and fluid–structure interaction. The simulations, employing a finite element
framework, uncover that the differential rate kinetics of the reactions on the dissimilar faces of the Janusbot help in building up enough
osmotic pressure gradient for the motion as a result of non-uniform spatiotemporal variations in the concentrations of the reactants and
products around the particle. The simulations uncover that the mass diffusivities of the reactants and products along with the rates of forward
and backward reactions play crucial roles in determining the speed and direction of the propulsions. Importantly, we observe that the motor
can move even when there is no difference in the total stoichiometry of the reactants and products, (a + b) = (c + d). In such a scenario, while
the reaction triggers the motion, the difference in net-diffusivities of the reactants and products develops adequate osmotic thrust for the
propulsion. In contrast, for the situations with a + b ≠ c + d, the particle can exhibit propulsion even without any difference in net-diffusivities
of the reactants and products. The direction and speed of the motion are dependent on difference in mass diffusivities and reaction rate
constants at different surfaces.
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I. INTRODUCTION

Self-propulsion of a motor inside a fluid medium1–7 has been
under extensive research attention in the recent past owing to
its scientific and translational importance. A number of natu-
rally occurring processes, such as pinocytosis8,9 or phagocytosis of
cells,10,11 ATP synthesis,12,13 or diffusion of bio-particles through
the cell membrane, are some of the very well-known examples of
such motions, driven by the chemical potential gradients. Further-
more, the bacterial locomotion14,15 and spermatozoa locomotion16

by the movement of flagella are also some of the very interest-
ing biomimetic prototypes of self-motile systems. Of late, inspired
by these examples, a wide variety of micro- and nanoscale self-
propelling objects have been artificially synthesized, which undergo
propulsion under the influence of electric14–18 or magnetic field,19–21

chemical potential,22,23 acoustic24,25 or light waves,26,27 and surface

tension forces,28–30 among others. These motions are also under
intensive scientific exploration in the form of the fundamental stud-
ies on the particle migrations involving electrophoresis, magne-
tophoresis, chemotaxis, chemophoresis, sono-taxis, photo-taxis, or
Marangoni motion.

In particular, the chemical stimuli responsive locomotion of
the “double-faced” Janus particles,31,32 namely, the “Janusbot,” has
gained considerable interest owing to their potential in multi-
farious separation,33,34 transport,37 and biomedical applications.35

The locomotion driven by a chemical potential gradient is, in
general, termed “chemotaxis.”36,37 Furthermore, when a particle
moves under a chemical potential gradient, the propulsion is also
termed the “chemophoresis.”38,39 The scientists for generations
are perhaps attempting to artificially synthesize mesoscale syn-
thetic self-propelling robots, namely, microbots or nanobots, under-
going “chemotaxis” or “chemophoresis,” emulating many of the
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omnipresent biological processes. For example, artificially synthe-
sized nanoscale bimetallic spheres40,41 or rods42,43 are found to show
“random” chemotactic migrations inside a peroxide bath where
the speed or propulsion increases with H2O2 concentration in the
fuel.44 On the other hand, a number of previous works show that
the tubular microbots and Janus motors can show a “unidirec-
tional” motion.45 In this regard, the stimulus of pH variation in
the direction of the motion has also been explored.46 However, the
physics associated with such motions are rather difficult to compre-
hend owing to the coupling of the complex multiphase hydrody-
namics involving gas–liquid–solid interactions along with the pres-
ence of multi-component reaction and diffusion kinetics.23,47 At the
mesoscale, the time and length scales of such processes alongside
the speed and direction of motions may largely depend on the reac-
tivity or diffusivity of the reactants and products surrounding the
motor.48

Importantly, a number of previous studies show that the ran-
domly moving chemotactic motors can also be remotely guided
by the magnetic49 or electric fields.50 Such synthetic motors have
shown the capacity of loading cargo, essentially a drug, and deliv-
ering it to a specific location under a remote guidance.51–53 How-
ever, in most of the natural processes, such directional locomotion
occurs under the sole influence of chemical potential gradients.5,6,54

In particular, amoeba, Dictyostelium discoideum, or Escherichia coli
is found to exploit the uneven distribution of the chemicals to estab-
lish the chemical potential gradient and undergo chemotaxis.55,56

A few recent works show the possibility of similar motions at the
synthetic level.57–60 However, despite the availability of a fairly large
amount of literature, the origin of such motions as well as the vari-
ations in speed and direction with the various internal and exter-
nal conditions are some of the aspects that require more delibera-
tions. In particular, the contributions of various kinetic parameters
such as rate constants of the reactions and diffusion coefficients
of the species require much deeper attention from the scientific
perspective.

In view of this background, we focus on the motion of an ellip-
tical “double-faced” Janusbot having different kinetics of reactions
at the half-surfaces. The use of elliptical shape opens up the pos-
sibility of exploring the influence of any sphere-like object using
the same framework. The motions of such motors are simulated
considering the full descriptions of two-dimensional (2D) hydrody-
namic governing equations coupled with reaction–diffusion trans-
port equations and fluid–structure interaction before enforcing the
appropriate boundary conditions. In the simulations, the particle
acquiresmotion by converting the chemical energy into themechan-
ical one. We consider a second-order reaction with the stoichiom-
etry aA + bB → cC + dD having different rate constants on the
chemically heterogeneous faces of the particle. The use of such a
generic reaction opens up the possibility of studying all the other rate
kinetics, e.g., zeroth-, first-, or pseudo-first-order reactions, using
the same framework under various asymptotic limits. The simula-
tions use a finite element framework to uncover that the differential
rate kinetics on the surfaces of the Janusbot eventually help in build-
ing up an osmotic pressure gradient across the particle. In a way,
the spatiotemporal variations in the concentrations of the reactants
and products due to the chemical reaction help in manifesting such
a pressure gradient to drive the motor. Subsequently, the particle
speed is found to depend on various parameters, such as viscosity

and density of fluid, concentrations of reactants and products, rates
of reactions at the surfaces, diffusivities of the reactants and prod-
ucts, and the size and shape of the motor. The simulated results are
found to match closely with the ones available with the experimental
reports. The integrated continuummodel proposed here delivers the
platform for further comprehensive deliberations on the chemotaxis
of reactive Janusbots. The present study is perhaps among the first
few reports, where the relative contributions of reaction kinetics and
component diffusion on chemophoretic migration of a particle have
been explored.

II. PROBLEM FORMULATION

A. Governing equations

Figure 1 schematically shows the geometry considered for the
simulations of the chemophoretic motion of a particle of elliptical
cross section inside a microfluidic channel filled with a liquid. The
liquid inside the microfluidic channel contains four different com-
ponents, two of which (A and B) are reactants undergoing chemi-
cal reactions to produce the pair of products (C and D) following
the stoichiometry aA + bB → cC + dD. In the theoretical formu-
lation, a mixed coordinate system is employed in order to model
the problem. For the analytical model proposed later, a polar coor-
dinate system (r, θ) with the origin at the center of the particle,
r = 0, has been employed, as shown in Fig. 1. The transport equations
for the fluid flow inside the rectangular microchannel are numeri-
cally solved with the help of a 2D Cartesian coordinate system (x,
y). The fluid inside the channel is considered to be Newtonian and
incompressible.

In this problem formulation, the bold variables indicate vec-
tors, the bold variables with double overbars indicate tensors, partial
derivative of a variable is denoted by the symbol ∂, the notation∇ is
the gradient operator, the letter “I” denotes the identity tensor, and
the superscript “T” stands for the transpose of a matrix. The com-
ponents of a vector are symbolized as u[u, v] and us[us, vs], which
denote the fluid velocity and displacement vector of the solid par-
ticle, respectively. The concentration of the ith species is shown by

FIG. 1. Schematically shows the chemophoretic movement of an elliptical particle
inside a liquid filled microchannel as a result of local osmotic pressure imbalance,
which is generated as a result of nonuniform distribution of solute components
around the particle. An asymmetric catalytic chemical reaction is taking place on
the particle surface with different reaction kinetics at the two different halves of the
particle. There are two reactants, which give two products following the reaction
stoichiometry aA + bB→ cC + dD.
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ci. The symbols t, ρ, ρs, μ, and Di represent time, density of fluid,
density of the solid particle, viscosity of the electrolyte, and dif-
fusivity of the ith species, respectively. The letter “M” represents
the molar concentration, i.e., mol/m3. The concentration of the ith
species (cri) of the reactant has been governed by the following scalar
transport equation:

∂cri/∂t + ui ⋅ ∇cri = Dri∇
2
cri − k∏ cri. (1)

Here, i signifies reactants, A and B. The term ∏cri represents the
multiplication of all the reactants. The concentration of the products
is also governed by the following scalar transport equation:

∂cpi/∂t + ui ⋅ ∇cpi = Dpi∇
2
cpi + k∏ cri. (2)

In Eq. (2), cpi denotes the concentration of different products, C and
D. The last term in Eqs. (1) and (2) appears for the reaction near the
particle surface, which couples Eqs. (1) and (2). For the fluid flow, the
following continuity equation along with Navier–Stokes equations is
solved:

∇ ⋅ u = 0, (3)

ρ
Du

Dt
= −∇p + μ(∇2

u) −∇π. (4)

The last term in Eq. (4) is the force due to the osmotic pressure
imbalance (∇π), which originates due to the generation of products
C and D after the reaction of A and B, following different rate kinet-
ics at the dissimilar faces of the Janus particle. Importantly, there is
no external pressure gradient imposed in the system, which ensures
that the flow is solely due to the osmotic pressure imbalance. The
osmotic pressure (π) is calculated from the following equation:

π = RT∑ ci. (5)

Here, the osmotic pressure being a colligative property is expressed
as a function of the summation of concentrations of all the compo-
nents, ∑ci. Thus, in a way, the set of Eqs. (1)–(5) are coupled with
each other.

The fluid–structure interaction (FSI) has been considered to
track the motion of the particle. The equations associated with the
FSI are as follows:

ρs(∂2
us/∂t2) −∇ ⋅ σ = 0, (6)

σ = −p¯̄I + μ(∇u +∇uT). (7)

Here, the symbols ρs and σ represent the density of the solid and the
stress tensor of a Newtonian fluid, respectively. All the symbols used
in this article are enlisted in Table I. From Eq. (7), it is clear that the
fluid flow stress imparts a force to drive the particle, and the same is
the basis of the present study. It is further assumed that the osmotic
pressure imbalance is rather small, and the particle (e.g., a silica
ball) is rigid and non-deformable during the movement. Further-
more, the rotational chemophoretic movements are not considered,
which may be present in the particles with asymmetric shape. This
aspect has been avoided owing to the complexity associated with
the remeshing of the surrounding assymetric particles under such
circumstances.

TABLE I. The symbols and values or range of values of the parameters used.

Symbol Variable/notation Unit Value

cri Concentration of the ith reactant M/m3
. . .

cpi Concentration of the ith product M/m3
. . .

Dri Diffusivity of the ith reactant m2/s 1–5 × 10−9

Dpi Diffusivity of the ith product m2/s 1–5 × 10−9

Dr
Average diffusivity of all the
reactants

m2/s . . .

Dp
Average diffusivity of all the
products

m2/s . . .

KL
Reaction rate constant in the left
half of the particle

M−1 s−1 0.88–8.8

KR
Reaction rate constant in the
right half of the particle

M−1 s−1 0.88–8.8

A, B Symbolize two reactants . . . . . .

a, b
Stoichiometric coefficients of
reactants A and B

. . . 1

C, D Symbolize two products . . . . . .

c, d
Stoichiometric coefficients of
products C and D

. . . 1

ρ Density of liquid kg/m3 1000
μ Viscosity of liquid Pa s 0.0023
ρs Density of the solid particle kg/m3 2200
dc Width of the channel μm 250
lc Length of the channel μm 500

ap
Length of the semi-major axis of
the elliptical particle

μm 10

bp
Length of the semi-minor axis of
the elliptical particle

μm 7

l
Distance measured from the
particle surface

μm . . .

up Particle velocity μm/s . . .

π Osmotic pressure Pa . . .

R Universal gas constant J/(kg K) 8.314
T Absolute temperature K 298

B. Boundary conditions

For Eqs. (1) and (2), Dirichlet boundary conditions at the inlet
and outlet of the channel are enforced. At the inlet, x = 0, cri = cri0
is enforced for the reactant while initially the concentration of the
product (cpi) is kept zero at both the ends of the channel. At the
outlet x = l, normal flux boundary conditions −n ⋅ ∇Dicri=0 for
the reactants (cri) are enforced. For the auto-chemophoretic motion,
the constant concentration (cri) in the beginning of the simulation
(t = 0) without no inflow and no flux at any of the ends of the
channel are deployed. The continuity and Navier–Stokes equations
(3) and (4) have been solved by taking the no slip and imperme-
ability boundary conditions (u = v = 0 at y = 0, d) at the walls of
the microchannel. To ensure that the motion of the particle along
with the fluid inside the channel occurs due to the chemical gradient
only, both the ends of the channel are kept at atmospheric pres-
sure to ensure a non-existing pressure gradient across the channel.
For FSI, the two-way coupling is enforced between the fluid and the
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particle. For this purpose, the continuity of velocity boundary con-
ditions, u = u̇s, has been enforced on the particle surface, while a
no-slip condition is enforced along the inner wall of the tube. Zero
displacement (us = 0) and zero speed (u̇s= 0) of the particle at initial
time (t = 0) have been enforced tomeet the two boundary conditions
necessary to solve Eq. (6). The hydrodynamic stress is evaluated
from the coupled momentum equations.

III. NUMERICAL METHODOLOGY

A finite element method (FEM) based commercial CFD sim-
ulation software, COMSOL MultiphysicsTM, is used for discretiza-
tion and the solution of the coupled set of equations (1)–(7) with
the aforementioned boundary conditions. COMSOLMultiphysics is
chosen for the present work as this is a robust simulation package.
This software also has efficient multiphysics coupling and moving
deforming mesh options, which are the prime requirements of the
current work. For the grid-independence study, we have taken four
different mesh sizes and compared the line averaged values of com-
ponent concentrations (cr1 and cp1), and also the particle speed for a
particular set of parameters, as depicted in Table II.

It is evident from Table II that ∼40 000 elements could give a
grid-independent solution.

The software uses the Galerkin least-squares (GLS) method
along with the second order elements for speed calculations
and first-order elements to discretize the equations. The veloc-
ity and pressure profile calculations are done using the segregated
predictor–corrector method with incremental pressure correction.
Consistent initialization and time-marching are taken care of by the
software using a second-order backward difference method with a
suitable time step size of ∼10−4 s.

IV. VALIDATION

A. Analytical model

A simple analytical model has been developed to validate the
results obtained from CFD simulations. For this purpose, the par-
ticle is assumed to be spherical in shape, and hence, a three-
dimensional spherical (r, θ, and φ) coordinate system is taken. It
is assumed that all the derivatives with respect to polar coordinates
are zero. Hence, the radial direction in space and time coordinate
survives for the purpose of all the calculations of this part. A set
of unsteady reaction–diffusion equations has been considered for
the reactant and product. Moreover, for this validation, a first-order

TABLE II. The grid-independence study details.

No of Line averaged Line average Particle speed
No. elements cr1 cp1 (μm/s)

Mesh 1 25 000 0.995 0.0008 4.2
Mesh 2 35 000 0.985 0.0011 4.72
Mesh 3 40 000 0.983 0.0013 4.80
Mesh 4 50 000 0.982 0.0014 4.82

elementary reaction following the stoichiometry R → S is used. The
reaction kinetics of the stated reaction follows the rate equation,
−dCR/dt = dCp/dt = kCR. The values of the reaction rate constants
are varied with the position to incorporate differential rates at two
different ends of the particle. The reaction and diffusion equations,
which determine the concentration profiles as a function of space
and time for both reactant and product, are

∂cR/∂t = DR∇
2
cR − kcR, (8)

∂cP/∂t = DP∇
2
cP + kcR. (9)

In order to solve Eqs. (8) and (9), boundary conditions that
describe the underlying phenomenon are set. The one-dimensional
solution space, which is assumed for the analytical study, is
[R, R + la], where la is the active distance measured from the par-
ticle surface (r = R) after which the effect of reaction–diffusion is
not that much effective. The boundary conditions pertinent to the
reactant are

cR(R, t) = cRS, cR(r, 0) = cRS, ∇cR(la, 0) = 0, (10)

and for the product, the boundary conditions are

cP(R, t) = cPS, cP(r, 0) = cRS, ∇cR(la, 0) = 0. (11)

Here, cRS and cPS are steady concentrations of the reactant and prod-
uct on the particle surface and also everywhere at the initial time
(t = 0).

The concentration profiles obtained from the simulations and
analytical model are compared and contrasted to ensure the accu-
racy of the proposed numerical CFD code. It may be noted here that
the use of FSI and deforming mesh in the simulations affects the
species concentration profiles around the particle with time. Fur-
thermore, the derivation of analytical solutions employing moving
reference frames is more than cumbersome and perhaps beyond the
scope of the present study. Thus, we elucidate a simple static refer-
ence frame for the semi-analytical calculations of the concentration
profile surrounding the motor to validate the simulated results. The
differential equations (8) and (9) with the help of the boundary con-
ditions [Eqs. (10) and (11)] are solved numerically using commercial
package MATHEMATICATM to evaluate the concentration profiles
around the sphere. Different kinetic parameters based on differen-
tial reaction rate kinetics at two different sides of the particle are
employed. Figures 2(a) and 2(b) show the comparison of profiles at
the left and right halves of the Janus particle, where the first-order
reaction rate constants are kR = 8.5 s−1 and kL = 1.7 s−1. These figures
show a good match between numerical and semi-analytical profiles
near the particle surface, and they deviate away from the surface. The
deviations can be attributed to the asymptotic nature of the semi-
analytical model in the absence of FSI, deforming mesh, non-linear
terms, and coupled advection–reaction–diffusion hydrodynamics,
among many other reasons. The asymptotic match obtained from
this study establishes the authenticity of further calculations using
these sets of equations and numerical methodologies involved in
COMSOL Multiphysics.

Another validation attempt has been made to justify the accu-
racy of the simulations wherein we compare the particle speed with
the speed of Stokes’s migration, as reported in Ref. 23. The average
particle speed for Stokes migration is calculated from the following
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FIG. 2. (a) Shows the comparison of the
concentration profile of the reactant, at
the left-hand side of the Janus particle,
obtained from CFD numerical simulation
and analytical solution. (b) shows a sim-
ilar comparison for the right-hand side
of the Janus particle. A first-order reac-
tion has rate constants kL = 1.75 and
kR = 8.9 s−1 in the left and right halves
of the Janus particle, respectively. The
diffusivity of the reactant (Dr) is kept
constant as 3 × 10−9 m2/s. (c) shows
the particle speed comparison between
numerical results and analytical calcula-
tion by Stokes’s speed equation.

equation: up = (∣Δp/Δx∣)L2s /4μ.
23 Here, Ls and |Δp/Δx| represent the

characteristic Stokes length (length from the particle surface up to
which gradient exists) and the magnitude of the pressure gradient,
respectively. We have done an analysis where the pressure gradi-
ent from the numerical simulation is evaluated before replacing the
same in the aforementioned Stokes expression. For this study, Ls and
μ are taken as 1 μm and 0.0023 Pa s, whereas the |Δp/Δx| values
are varied from 25 kPa to 125 kPa/m with an interval of 25 kPa/m.
Figure 2(c) shows the comparison between the analytical and
numerical speeds. The plot discloses a close match with a slight
deviation at higher pressure gradients. In the analytical solution,
the viscous drag force is neglected, which can be the reason behind
such conditional discrepancy. However, despite such marginal devi-
ation, good match is observed, which corroborates the accuracy of
the numerical schemes employed.

V. RESULTS AND DISCUSSION

In the present study, we consider two types of chemotactic
motions of a Janusbot, (i) auto-chemophoresis—the motor moves
because of the local osmotic pressure gradient and (ii) guided-
chemophoresis—the particle is moving inside a microchannel with
an existing concentration gradient of the reactants along with local
chemical reactions in the proximity of the particle. For the guided-
chemophoretic case, we study the motion of a Janusbot (dp ∼ 1 μm),
which moves in a confined microchannel of diameter 5 μm and

length 15 μm. Furthermore, the auto-chemophoretic motion of
a Janusbot (dp ∼ 5 μm) has been studied in a relatively wider
microchannel of diameter 250 μm and length 500 μm owing to
the sole influence of the local osmotic pressure gradient. Videos
1 and Video 2 in the supplementary material show the typical
chemophoresis and auto-chemophoresis of a Janus particle simu-
lated in this work, respectively.

A. Auto-chemophoresis

The chemically heterogeneous faces of the Janusbot facilitate
second order catalytic chemical reactions at different rates with the
reactants, A and B, present in the surrounding fluid to produce C
and D at a different rate in the close proximity of the particle. The
distributions of the reactants and products generate a net osmotic
force to propel the particles inside the channel. A set of simulations
have been performed with particles of different shapes, such as ellip-
tical, circular, rectangular, or square, keeping all other simulation
parameters unchanged. The particle geometries are considered in
such a manner that they have equal perimeters of ∼56 μm in order to
ensure the same available “area” for the reaction. The initial concen-
trations of reactants are taken as 1 mol/m3, while the products are
assumed to be absent at time t = 0. The rate constant of the reaction
is varied from ∼0.88M−1 s−1 to 8.8 M−1 s−1. The model also assumes
that the left-hand side of the particle offers higher reaction kinetics
(kL = 8.8 M−1 s−1) compared to the right side (kR = 0.88 M−1 s−1).
In such a scenario, the higher diffusivity for the products
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(Dp = 4 × 10−9 m2/s) compared to the diffusivity of reactants (Dr

= 2 × 10−9 m2/s) drives the particle in the positive x-direction—the
left side to the right side.

Figure 3(a) shows the profile of Δπ for all the particles sim-
ulated. The plots suggest that the shapes of the Janusbots have a
significant influence on the osmotic pressure distribution around the
particle. Figure 3(b) shows that the particle speed increases with Δπ,
with an exception for circular and elliptical particles. The plot sug-
gests that although the oblate-elliptical particle generates a relatively
lower osmotic pressure drop across the surface, a lower drag force
due to the streamlining of the geometry toward the flow helps them
in attaining the maximum speed. Eventually, the particle Reynolds
number for all remains far less than 1, which ensures that the Stokes
drag,61 a function of shape, plays an important role in deciding
the average particle speed. The simulations uncover that the verti-
cal ellipse shows a maximum Δπ, whereas the square shaped motor
shows the minimum Δπ. However, the speed of both the particles is
nearly the same. On the other hand, the vertical ellipse shows a more
drag friction than that of the square one. In view of this result, we
decide to explore the results with oblate-elliptical geometries. The
choice of elliptical geometry is also attributed to the facts that (i)
the shape can be asymptotically reduced to any circular geometry by
tuning the lengths of major and minor axes; (ii) the experimental
micro-/nanobots can never be an exactly circular or spherical; and
(iii) the streamlined elliptical geometry helps in reducing the fric-
tion during the motion, which leads to a faster migration inside a
fluidic medium.

It may be noted here that for the auto-chemophoretic move-
ment of the motor, a particle with a 10 μm semi-major axis and
a 7 μm semi-minor axis is considered. The entire channel is filled
with the solution having an equal concentration (1 mol/m3) of reac-
tants (A and B), which are expected to decompose on the chemically
heterogeneous surface of the motor at different rates of the catalytic
reaction to generate the products. Subsequently, the combined influ-
ences of differential catalytic surface activities of the Janusbot and
net mass diffusivity (of the reactants and products) around the parti-
cle will generate the required osmotic pressure gradient (Δπ) for the
self-propulsion. Video 1 in the supplementary material shows the

auto-chemophoretic movement inside a channel. The supplemen-
tarymaterial further describes about Video 1. Thus, for the proposed
system, there are two different time scales. The reaction time scale is
of the order of c0

n/k, while the diffusion time scale is t = l2/D. Here,
c0 and n signify the initial concentration of a component present in
the system and the order of the reaction, respectively. The magni-
tudes of the parameters considered for the simulations ensure that
the diffusion time scale (∼ms) is much higher than the reaction time
scale (∼μs).

Figure 4 shows the development of the average concentra-
tion profiles with time due to the reaction and subsequent devel-
opment of the osmotic pressure around the particle. Figures 4(a)
and 4(c) show the profiles for the left-hand side of the particle,
whereas Figs. 4(b) and 4(d) show the profiles for the right-hand
side of the particle. Here, the left-hand side of the Janusbot has a
higher reaction rate (kL = 8.8 M−1 s−1) as compared to the right-side
(kR = 0.88 M−1 s−1). Thus, with time, the left-face consumes
more reactants to yield more products compared to the right-
face. The concentration of the reactants (products) reaches up to
0.975 mol/m3 (0.012 mol/m3) on the left-side, whereas it goes
up to 0.984 mol/m3 (0.007 mol/m3) on the right-side after 0.5 s.
Figures 4(c) and 4(d) show the decrease in the absolute value of the
average osmotic pressure with time at the left- and right-hand sides
of the particle.

Figure 5 shows two different Janusbots, one has a higher reac-
tion rate on the right-face (kR = 8.8 M−1 s−1), as shown in Fig. 5(a),
while the other on the left-face (kL = 8.8 M−1 s−1), as shown in
Fig. 5(d). Importantly, the diffusivity of the products (Dp = 3 × 10−9
m2/s) is also kept higher as compared to the same of the reactants
(Dr = 1.5 × 10−9 m2/s). Thus, for the Janusbot shown in Fig. 5(a),
a higher reaction rate at the right-face gives rise to a lower con-
centration of the reactant in the right-hand side and a higher con-
centration of the product in the left-hand side of the particle, as
shown in Figs. 5(b) and 5(c), respectively. Distribution of these com-
ponents around the particle makes an inhomogeneous scenario to
create a Δπ across the particle, as shown in Fig. 5(a). The higher
osmotic pressure developed at the right half of the particle facilitates
a motion toward the left side. Figure 5(d) shows a particle having

FIG. 3. Auto-chemophoretic motions of Janusbots with different shapes inside a channel of diameter (d) 250 μm and length (lc) 500 μm. The 2D projections of the particles
look like ellipse, circle, rectangle, vertical ellipse, and square. Inside the microchannel, the liquid is filled, which contains reactants A and B that undergo the reaction at
the particle surface. For all the cases, the perimeter of the particle is kept 56 μm. (a) shows the average osmotic pressure difference (Δπ), which is obtained by taking the
average along with a line extended up to 10 μm both sides from the particle surface. (b) compares and contrasts the speed of the particles with different shapes.
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FIG. 4. (a) Shows the average concen-
tration vs time (t) profiles (taken across a
line along the axis away from the particle
surface) of the reactants (cri ) and prod-
ucts (cpi ) at the left-hand side of the par-
ticle. (b) shows the same average con-
centration of reactants (cri ) and products
(cpi ) at the right-hand side of the parti-
cle. (c) and (d) show the average osmotic
pressure (π) vs time (t) profile for the left-
and right-hand sides of the particle.

similar arrangement; however, the orientation is opposite, i.e., the
left half of the particle offers a higher reaction rate constant (kL).
The contour profiles of the reactant and the product are as shown in
Figs. 5(e) and 5(f), respectively. These figures suggest the possibility

of the movement from left to right owing to the nature of osmotic
pressure buildup.

Figure 6 shows the concentration profiles of the reactants and
products alongside the profile of the osmotic pressure along the axis

FIG. 5. (a) Shows the near steady
contours of space averaged osmotic
pressure (π) around the particle show-
ing auto-chemophoretic movement after
0.4 s, surrounding a Janusbot having a
higher reaction rate (kR) at the right-face
and undergoing a motion from right to
left of the channel. (b) and (c) show the
contours of the concentration of a reac-
tant and a product. (d) shows the contour
of osmotic pressure, surrounding a parti-
cle having a higher reaction rate (kL) at
the left-hand side, with a particle mov-
ing left to right. (e) and (f) show the
concentration of contours of a reactant
and a product surrounding the particle,
respectively.
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FIG. 6. (a)–(c) Show the near steady state profiles around the particle show-
ing auto-chemophoretic movement (after 0.4 s) of the space averaged reac-
tant/product concentrations and osmotic pressure with the distance from the par-
ticle surface (l). The plots correspond to the Janus particle having a higher rate
constant on the right-side. (d)–(f) show the near steady state contours (after 0.4 s)
of the space averaged reactant/product concentrations and osmotic pressure with
the distance from the particle surface (l), where the rate constant at left-half is
higher.

of the channel in the vicinity of the particle surface. The analysis pre-
sented in Fig. 6 corresponds to the simulations shown in Fig. 5, after
the space averaged profiles reach an approximate steady state ∼0.4 s.
For the ease of representation, the coordinate of the particle surface
is taken as “0” on both the ends of the particle. The distance from
the right-hand side of the particle surface is taken as positive (+l),
while the same from the left-surface is considered as negative (−l).
Figures 6(a) and 6(b) show that the concentrations of the reactants
(products) diminish (increase) near the particle surface, while the
same increases (reduce) away from the particle surface. These two
plots correspond to the simulation shown previously in Fig. 5(a).

Figure 6(c) shows the average osmotic pressure profiles along a
line taken from the particle surface. The plot suggests that a differ-
ence of ∼1 Pa–5 Pa has been sufficient to move the particle ahead.
Figures 6(d) and 6(f) show reactant and product concentration pro-
files corresponding to the simulation shown in Fig. 5(d). A compari-
son between Figs. 6(c) and 6(f) highlights the buildup of the osmotic
pressures around the particles, whereas in Figs. 5(a) and 5(d), it
is exactly opposite, thus leading to the motions from right-to-left

and left-to-right, respectively. The development of the concentration
profiles of the components depends mainly on the reaction kinetics.
However, the development ofΔπ across the particle is also depended
on the net diffusivity of the components. The diffusivities of the
components help in alleviating the inhomogeneity of concentration
of the species across the particle to influence the Δπ.

In Fig. 7, we consider some such interesting situations, for
example, the diffusivities of the products are taken to be different
from those of reactants; however, the diffusivity of the reactants (and
products) is kept to be the same. Furthermore, two different orien-
tations of the particle are taken, one having a higher reaction rate
constant on the left-hand side and another having a higher rate con-
stant on the right-hand side of the particle. For each situation, two
different combinations are considered, (i) higher diffusivities of the
reactants and (ii) higher diffusivities of the products.

In Figs. 7(a) and 7(c), the product to reactant diffusivity ratio
(Dp/Dr) is kept at 3.5, whereas for Figs. 7(b) and 7(d), Dp/Dr is
4.0. These figures suggest that the buildup of Δπ enhances with
the increase in the Dp/Dr. Furthermore, Figs. 7(a) and 7(c) show
that when the reactants have higher diffusivities, the osmotic pres-
sure is lower at the particle surface, while it increases away from
the particle surface. In comparison, Figs. 7(b) and 7(d) show that
when the products have higher diffusivities, the osmotic pressure is
higher near the particle surface, while it diminishes with the distance
from the particle surface. Interestingly, Figs. 7(a)–7(d) also show
that the change in the direction of the motion is possible solely by
tuning Dp/Dr, as indicated by the arrows on these figures. This is
quite different from the cases discussed in Figs. 5 and 6 where the
variation in the rate constant at the faces of the Janusbot was the
only reason for the motion as well as change in the direction of the
motion.

The simulated results shown in Fig. 7 uncover that when the
left face of the Janusbot can degrade the reactants at a higher rate
[Fig. 7(a), higher kL, and low Dp/Dr], a larger concentration of the
products near the left face helps in building up a larger osmotic
pressure, which facilitates the movement from left to right. In com-
parison, for such a system, if theDp/Dr is increased beyond a critical,
the products with higher diffusivities go away fast from the left face
to ensure that the osmotic pressure is higher at the right side leading
to a motion from right to left [Fig. 7(b), higher kL and high Dp/Dr].
In comparison, when the right face of the Janusbot can degrade
the reactants at a higher rate [Fig. 7(c), higher kR and low Dp/Dr],
a larger concentration of the products near the right face helps in
building up a larger osmotic pressure, which facilitates the move-
ment from right to left. For such a system if the Dp/Dr is increased
beyond a critical, the products with higher diffusivities go away fast
from the right face to ensure that the osmotic pressure is higher at
the left side leading to a motion from left to right [Fig. 7(b), higher
kR and high Dp/Dr]. The direction of the particle motion has been
indicated by the arrows on the plots in which the blue arrow signi-
fies left to right motion, while the red arrow denotes motion from
right to left. Concisely, the results discussed in Figs. 4–7 suggest the
multiple handles to tune the velocity and direction of the motion of
a Janusbot.

Figure 8(a) shows the variations in the particle velocity (up)
with Dp/Dr. In this case, Δπ ensure that the Janusbot moves toward
the left-hand side of the channel, as indicated by up < 0. In this
scenario, as Dp/Dr increases, the particle moves at a higher speed.
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FIG. 7. (a)–(d) Show the near steady
state profiles around the particle show-
ing the auto-chemophoretic movement
of the space averaged osmotic pressure
(π) after 0.4 s. The distance “l” is mea-
sured from the surface of the particle. (a)
and (c) have higher diffusivity of prod-
ucts (Dp) than the reactants (Dr) with the
reaction rates at sides as annotated on
the diagrams. (b) and (d) have higher
diffusivity of the reactants (Dr) than prod-
ucts (Dp) with the reaction rates as indi-
cated on the diagrams.

FIG. 8. (a) and (b) Show the variation in
the particle velocity (up) with the ratio of
(Dp/Dr) and (Dr/Dp), respectively, where
the right-hand side of the Janusbot has
a higher reaction rate (kR = 8.80 M−1

s−1) than the left side (kL = 0.88 M−1

s−1). (c) shows the particle velocity with
the variation in the parameter, α = (kL

− kR)/[Dr − Dp]). (d) shows the variation
in up with the increase in the net stoichio-
metric coefficient, δ = (c + d)/(a + b), for
the reaction aA + bB→ cC + dD.
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Figure 8(b) shows the opposite case, where the reactants have
higher diffusivities compared to the products, which enables a larger
osmotic pressure buildup to the left of the Janusbot resulting in a
motion from left to right. The plot also suggests that in such cases,
up enhances with the inverse of Dp/Dr, i.e., Dr/Dp. The plots also
show that the 5 μm particles achieve a velocity of 5 μm/s–20 μm/s,
which is about one to five body length per second under these cir-
cumstances. Interestingly, the parameter, α = (kL − kR)/(Dr − Dp),
can be a useful parameter to fine tune the magnitude and the direc-
tion of the Janusbot motions, as shown in Fig. 8(c). For example,
α > 0 engenders a Janusbot motion toward the right-hand side,
whereas α < 0 results in a motion toward the left-hand side of the
channel. Importantly, the magnitude of the motion increases with
the magnitude of α. Importantly, α = 0 ensures that the particle
becomes stationary.

Other than diffusivity and rate constant of the species, another
parameter that significantly influences up is δ = (c + d)/(a + b) for
the reaction aA + bB → cC + dD. Figure 8(d) shows a monotonic
increase in up until about 10 body lengths/s when δ is increased to
2.5. In brief, Figs. 7 and 8 together summarize the influences of a
host of parameters such as rate constants of the reactions at the side
of the Janusbots, the diffusivities of the reactants and products, and
the stoichiometry of the reactions on the direction and speed of the
motion.

From the results, as reported so far, it is well established that
auto-chemophoretic migration speeds are very weak (varies from
1 μm/s to 20 μm/s) in nature and lead to only minute drift. This
kind of chemophoretic movement can only be expected in a stagnant
fluid medium having the components for the reaction. However,
in most of the practical situations, external disturbances and other
effects may lead to shear flow in the fluid medium, and in most of

the natural cases, the magnitude of shear flow exceeds the magni-
tude of chemophoretic migration. Nevertheless, in those situations,
as shown in Fig. 9, the particle floating is guided by the magnitude
and direction of the shear flow. A similar shear flow effect on droplet
movements in viscous fluid was previously studied by Leal et al.62 In
this part, we have simulated the same auto-chemophoretic migra-
tion case with external fluid flow occurring in different directions,
such as right to left, left to right, bottom to top, and top to bottom
of the channel. It is clearly seen that a weak shear flow (∼1 mm/s)
subsumed the chemophoretic migration and directed the particle in
the direction of shear flow.

B. Guided-chemophoresis

Thus far, we have discussed the results for the auto-
chemophoretic Janusbots. However, one of the objectives of this
study lies in exploring the chemophoresis of Janus particles in
the presence of an external concentration gradient of reactants, as
has been found in some of the previous experimental works.63,64

Figure 10 and Video 2 in the supplementary material show the
chemophoreticmotion of a Janus particle inside amicrofluidic chan-
nel of diameter (d) 5 μm and length (l) 15 μm. The supplementary
material further describes about Video 2. The external concentration
gradient of the reactants has been imposed by enforcing the condi-
tion, cri = 1 mol/m3, at the inlet of the channel and no flux condition
to the outlet. Apart from the imposed concentration gradient, a sec-
ond order catalytic reaction is also considered around the particle
wherein the right-hand side of the particle has a higher reaction rate
compared to the left-hand side. Furthermore, the product compo-
nents have a higher diffusivity (Dp = 4 × 10−9 m2/s) compared to the

reactant components (Dr = 2 × 10−9 m2/s).

FIG. 9. (a)–(d) Show the directional drift
of the particle, which was supposed
to self-propel when a shear flow takes
place from right to left, left to right, bottom
to top, and top to bottom of the channel,
respectively.
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FIG. 10. The chemophoretic motion of a
Janus particle moving inside a microflu-
idic channel of diameter (dp) 5 μm and
length of the channel (lc) 15 μm. The
lengths of the semi-major and semi-
minor axes of the elliptical particle are
1 μm and 0.7 μm. (i)–(vi) of column A
show the position of the particle inside
the channel at time intervals 0 s, 0.4 s,
0.8 s, 1.2 s, 1.6 s, and 2.0 s, respectively.
(i)–(vi) of column B show a reactant
concentration (cr1) at the respective
frames. (i)–(vi) of column C represent
the concentration profile of a product
(cp1) around the particle at respective
time intervals. (i)–(vi) of column D show
the osmotic pressure profile around the
particle, across the channel.

FIG. 11. The concentration profiles (cri

and cpi ) along the channel axis. (a)
Shows the concentration of the reactants
wherein blue lines (lighter shades) rep-
resent the concentration of the reactant
A, whereas gray lines (darker shades)
denotes the concentration of reactant B.
(b) Shows the concentration of the prod-
ucts wherein blue lines (lighter shades)
represent the concentration of product C
and gray lines (darker shade) show the
concentration of product D. (c) Shows
the osmotic pressure (π) profiles across
the particle. Particle surfaces are taken
as the starting point and from the par-
ticle, while −l and +l represent the dis-
tance to the left and right along the axis.
Solid lines denote the left-side profiles,
and the dotted lines denote the right-side
profiles.
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It may be noted here that the simulations are performed for
2 s, which is larger than both the reaction and diffusion time scales.
Column A shows the positions of the moving particle after 0 s,
0.4 s, 0.8 s, 1.2 s, 1.6 s, and 2.0 s, respectively. Contours of reac-
tant or product concentrations and osmotic pressure are shown in
Columns B–D, respectively. Interestingly, in this case, the average
speed of the particle has been found to be ∼350 nm/s. However,
such a speed is much less than the reported one in the previous
experiments.65,66 This is because although the imposed concentra-
tion gradient enhances the osmotic pressure gradient across the par-
ticle to direct the motion from the left- to right-hand side of the
channel, the origin of the sluggish movement lies on the fact that
the local osmotic pressure gradient acts in the opposite direction of
the motion. Thus, it is imperative that if a concentration gradient is
imposed in the opposite direction, it will also facilitate the speed of
the Janusbot.

Figure 11 shows the profiles of concentrations of components,
and the resulting osmotic pressure around the particle is shown in
Fig. 10. The concentrations of A, B and C, D are represented as cri
and cpi, respectively. For the purpose of representation, the coor-
dinate of the particle surface is taken as “0” on both the ends of
the particle. The distance from the right-hand side of the parti-
cle surface is taken as positive (+l), and the distance from the left
surface is taken as negative (−l). Figure 11(a) shows that the con-
centrations of the reactants decrease (increase) near (away from)
the particle surface due to the reaction, while Fig. 11(b) shows that
the products have higher (lower) values near (away from) the par-
ticle surface. The reaction and diffusion near the particle surface
along with the imposed concentration gradient inside the chan-
nel create an imbalance of the osmotic pressure across the particle.
Figure 11(c) shows that the local concentration gradient due to the
reaction results in the development of a higher (lower) osmotic pres-
sure at the left (right)-hand side of the particle, which eventually
helps in the motion of the particle to right of the channel. Briefly,
Figs. 10 and 11 together suggest that imposing a reactant concentra-
tion gradient can be another way to tune the velocity and direction
of the Janusbot propulsion.

VI. CONCLUSIONS

In summary, we propose a comprehensive theoretical frame-
work to explore the finer chemophoretic features of a Janusbot.
The motions are governed by the full descriptions of hydrodynamic
equations coupled with species balance and fluid–structure inter-
actions. The CFD simulations under a finite element framework
uncover that the differential rate kinetics of the reactions on the dis-
similar faces of the Janusbot help in building up enough osmotic
pressure gradient for a motion as high as 10 body lengths/s. The
gradient of osmotic pressure buildup across the Janusbot has been
found to be a function of the rate constants of the reactions at the
faces of the chemically heterogeneous Janusbot, diffusivities of the
species, the stoichiometry of the reaction, and the imposed initial
concentration gradient of the reactants. The imbalance of osmotic
thrust thus generated is found to be the consequence of the inho-
mogeneous catalytic reaction at the double-faced Janusbot near the
particle surface alongside the net diffusivity of the reactants and
products. The numerical simulations uncover that the differential

rate kinetics on the Janusbot faces help in building up an osmotic
pressure gradient owing to the variations in the concentrations of
the reactants and products, which eventually drives the motor. The
presence of an imposed chemical potential gradient across the Janus
particle can facilitate as well as reverse the motion of the particle.
A composite parameter based on the rate constants at the faces of
the Janusbot and diffusivities on the reactants and products, α = (kL
− kR)/(Dr − Dp), has been identified, which can be employed to
tune the speed and the direction of the particle. Furthermore, the
stoichiometric ratio δ = (c + d)/(a + b) for the reaction aA + bB
→ cC + dD is also found to be another useful parameter to accel-
erate the Janusbot motion. It is also seen that in the presence of
surrounding shear flow, the particle moves with an augmented speed
in the direction of shear flow and the same indicates the presence of
shear flow. Concisely, the study uncovers a number of fundamen-
tal aspects of the chemotaxis of a Janusbot, which may be useful for
future experiments and applications related to the same.

SUPPLEMENTARY MATERIAL

See the supplementary material for videos 1 and 2 showing
auto-chemophoretic and chemophoretic movements, respectively.
The detailed description of the videos is given in the doc file.
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