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ABSTRACT: The self-diﬀusiophoresis of Janus catalytic micromotors (JCMs) in
conﬁned environment is studied using direct numerical simulations. The
simulations revealed that, on average, the translocation of a JCM through a
short pore is moderately slowed down by the conﬁnement. This slowdown is far
weaker compared to the transport of particles through similar pores driven by
forces induced by external means or passive diﬀusiophoresis. Pairing of two JCMs
facilitates the translocation of the one JCM entering the pore ﬁrst but slows down
the second JCM. Depending on its initial orientation, a JCM near the entrance of
a pore can exhibit diﬀerent rotational motion, which determines whether it can
enter the pore. Once a JCM enters a narrow pore, it can execute a self-alignment
process after which it becomes fully aligned with the pore axis and moves to the
center line of the pore. Analysis of these results showed that, in addition to
hydrodynamic eﬀect, the translation and rotation of JCM is also aﬀected by the “chemical eﬀects”, i.e., the modiﬁcation of the
chemical species concentration around a JCM by conﬁning walls and neighboring JCMs. These chemical eﬀects are unique to the
self-diﬀusiophoresis of JCMs and should be considered in design and operations of JCMs in conﬁned environment.
externally imposed shear ﬂows on the dynamics of JCM have
been explored in great detail.22 For the applications of JCMs in
drug delivery and microﬂuidics, the geometrical conﬁnement
usually plays an important role in the JCM dynamics. Because
of the importance of boundaries, several studies recently have
sought to understand the role of solid boundaries in
determining the JCM motion. Speciﬁcally, the self-diﬀusiophoresis of an active particle in the vicinity of a planar boundary has
been explored via either experimental or theoretical methods.23−27 For example, Uspal et al. investigated the selfpropulsion of a catalytic active particle near a wall by combining
analytical analysis and numerical simulations.23 It was
discovered that, depending on the choice of design parameters
(catalytic coverage, surface mobility, etc.), the catalytic active
particle shows diﬀerent behaviors near a wall including
reﬂection, steady sliding, and hovering. They suggested that
the hydrodynamic eﬀect of the wall is mainly responsible for
the behaviors of catalytic active particles. Ibrahim et al. captured
the wall-induced distortion of solute concentration gradients,
which caused wall-induced-diﬀusiophoresis of JCMs.24 Such
wall-induced-diﬀusiophoresis promotes the translation of JCMs
without aﬀecting their rotation. Some of the simulation

1. INTRODUCTION
Janus catalytic micromotors (JCMs) are micro/nanoscale
particles that feature heterogeneous catalytic coating on their
surfaces. By using the catalytic reactions on their surfaces to
break down the reactants in surrounding ﬂuids, JCMs can
“swim” autonomously via various mechanisms. Since achieving
autonomous movement of small particulates has long been
sought in diverse ﬁelds including biology and medicine, the
demonstration of autonomous JCMs about a decade ago1,2 has
triggered intensive studies of JCMs and their dynamics since
then.3,4 While the practical application of JCMs remains limited
at present, autonomous JCMs have already been used
successfully to sense, detect, and deliver micro/nanoparticles
of various sizes and shape.5−7 With further development, JCMs
can conceivably be used to execute more demanding tasks such
as removing blood clots in capillaries and environment
remediation.8,9
The intensive experimental and theoretical studies on JCMs
have tremendously improved the fabrication, operation, and
understanding of JCMs. Several mechanisms including selfdiﬀusiophoresis,10,11 self-electrophoresis,12 and bubble propulsion13−15 have been revealed to drive JCMs’ movement. Of
these mechanisms, self-diﬀusiophoresis and self-electrophoresis-driven dynamics of JCMs have received the most attention.
The eﬀects of JCM design,16,17 operating conditions such as
solution composition,18,19 geometrical conﬁnement,20,21 and
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predictions have been observed experimentally; e.g., Kreuter et
al. observed sliding and reﬂection of JCM near channel walls.25
In one recent experimental study, boundaries are used to steer
the motion of JCMs and eliminate the Brownian rotation of
JCM.27 A key concept emerging from these studies is that, in
addition to the hydrodynamic interactions, “chemical” interactions can also greatly aﬀect the dynamics of JCMs under wall
conﬁnements. Speciﬁcally, the conﬁning walls aﬀect the
transport of reaction product and cause the product
concentration ﬁeld near the JCM (and consequently the slip
velocity and the viscous stress on the JCM’s surface) to deviate
from those in bulk solutions. These “chemical” interactions also
aﬀect the dynamics of a cluster of particles when they approach
each other.16,28,29
While previous research on JCMs has greatly improved our
understanding of their dynamics in free solutions and near
planar boundaries,11,23,30,31 the dynamics of JCMs in more
complex environments remain to be clariﬁed. For drug delivery
and microﬂuidic applications, JCMs often must operate under
conﬁned conditions; e.g., multiple JCMs may come close to
each other and translate through a short micropore. How the
dynamics of JCM is changed by the severe conﬁnement is not
well understood. For example, how do JCMs translate through
a micropore? Can a JCM enter a pore if it is not perfectly
aligned with the pore axis? How do JCMs disturbed by external
stimulus or thermal ﬂuctuation behave inside a pore? There
exist a few studies on these questions and useful insights were
reported; e.g., the dynamics of catalytic dimer in a channel has
been studied using simulations, and the eﬀect of conﬁnement
on the reaction product concentration was shown to aﬀect the
dimer transport.21 However, in general, research on these
questions is rather scarce at present. Furthermore, most existing
studies of JCM dynamics are based on quasi-static models. In
these models, the reaction product concentration ﬁeld is
assumed to have no memory, which may not hold for highly
conﬁned JCMs.
In this work, we solve the fully coupled ﬂuid−structure
interaction problem of JCM locomotion in conﬁned geometries
using the arbitrary Lagrangian−Eulerian (ALE) method. This
method allows us to remove the restriction of assuming quasistatic reaction product concentration ﬁeld when solving JCM
dynamics. The rest of paper is organized as follows: In section
2, we introduce the mathematical model of self-diﬀusiophoresis
of JCM and its numerical implementation. In section 3, we
systematically investigate how conﬁnement aﬀects the translation of JCMs through narrow pores, and how JCMs rotate
near the pore entrance and inside short pores. Finally,
conclusions are presented in section 4.

Figure 1. Schematic of the JCM. Half of the JCM’s surface (Γ2,
colored in red) is coated with catalyst, while the other half of the JCM
(Γ1, colored in blue) exhibits no catalytic reactivity. The large black
arrow indicates the swimming direction of JCM due to selfdiﬀusiophoresis when the product of the catalytic reaction interacts
repulsively with the JCM.

reaction products, can also be used. Here, to reduce the
numerical diﬃculty, we neglect the transport of fuel and assume
the concentration of fuels does not deviate from the initial
concentration notably in our simulations. This treatment is
valid when the Damköhler number Da is small. Da is the ratio
of the diﬀusion and reactive time scales, i.e., Da = sL̅/DfCf,
where s is the rate at which fuels are consumed on the catalytic
surface, L̅ is the characteristic length scale involved in the
supply of fuel to the catalytic surface, and Df and Cf are the
diﬀusion coeﬃcient and concentration of fuel molecules,
respectively. We focus our study in the regime of Da ≪ 1.
Hence, the transport of the fuel does not need to be solved.
The eﬀect of fuel transport will be studied in the future.
To describe the above self-diﬀusiophoresis of JCMs, we
adopt the general model established previously.10,30,31,34 Brieﬂy,
two sets of equations govern the reaction/transport of the
reaction products and the movement of the ﬂuids and the JCM.
The concentration ﬁeld of the reaction product (e.g., oxygen),
c, is governed by the convection−diﬀusion equation
∂c
+ u·∇c = ∇·(D∇c)
∂t

(1)

where D is the diﬀusion coeﬃcient of the reaction product and
u is the ﬂuid velocity. The neutral (noncatalytic) surface of the
JCM (i.e., Γ1 in Figure 1) is an impermeable wall, i.e.
−D∇c(x , t ) ·n = 0

on Γ1

(2)

where n is the unit normal vector of the surface. The generation
of reaction products is taken into account through the
boundary condition imposed on the catalytic surface (i.e., Γ2
in Figure 1)

2. MATHEMATICAL MODEL AND NUMERICAL
IMPLEMENTATION
2.1. Model for Self-Diﬀusiophoresis. To focus on the
dynamics of JCMs driven by self-diﬀusiophoresis, we
considered spherical JCMs of radius RJCM submerged in a
solution (see Figure 1). The JCMs are half-coated by catalysts
that break down fuels in solution by chemical reaction. The
reaction generates a concentration gradient of the reaction
product along the JCM’s surface. Such a concentration gradient
induces an imbalance of interfacial forces near the JCM’s
surface, thus driving the self-diﬀusiophoresis of JCM. In
practice, platinum is often used as catalytic material. If
hydrogen peroxide is used as fuel, the product of the catalytic
reaction is oxygen. Other fuels,32,33 which lead to diﬀerent

−D∇c(x , t ) ·n = α

on Γ2

(3)

where α is the rate at which reaction products are generated on
the catalytic surface.
We note that, with a few exceptions,30,35 the transient and
convection terms in eq 1 were neglected in most prior studies
of self-diﬀusiophoresis. This is justiﬁed for self-diﬀusiophoresis
in bulk solution or near semi-inﬁnite walls. However, these
terms cannot be neglected when the JCM is conﬁned inside
narrow pores. Speciﬁcally, inside a narrow pore, the reaction
product generated on the JCM surface must diﬀuse out of the
5581

DOI: 10.1021/acs.langmuir.6b01214
Langmuir 2016, 32, 5580−5592

Article

Langmuir
pore through its two ends. If the pore is not very short, the
reaction product will gradually accumulate inside the pore
before the JCM moves out of the pore. Indeed, the time scale
required for dissipating the reaction product from a narrow
pore to its surrounding is ∼Lp2/D (Lp is the pore length).
Comparing this time scale with the time scale for the JCM to
translocate the pore (i.e., Lp/U, where U is the JCM’s
characteristic velocity), we get a Péclet number Pep = LpU/D.
For not very short pores, Pep ≪ 1 is not satisﬁed; hence the
left-hand side of eq 1 cannot be neglected.
The ﬂuids are modeled as incompressible and Newtonian.
Since the Reynolds number is small, the inertia eﬀect is
negligible. Thus, the ﬂow ﬁeld is governed by
∂u
= −∇p + μ∇2 u
∂t

FH =

TH =

dU
= FH
dt

2

∫Γ ∪Γ (xs − x0) × (σH·n) dS
2

(12)

where σH is the hydrodynamic stress tensor. We note that,
except for the very short time period when the JCM accelerates
from zero velocity to a ﬁnite velocity, the net force and torque
acting on the JCM are practically zero. This is consistent with
the fact that the acceleration of the JCM is small for most of the
time and the Reynolds number is close to zero. In addition,
simulations in which the mass of JCM is reduced by 50%
produced identical results, which conﬁrms the fact that the
force-free condition is met.
For the transport of JCMs in conﬁned pores, the initial and
boundary conditions for the reaction product concentration
and ﬂuid velocity must also be speciﬁed. Since these conditions
are speciﬁc to each system to be studied, they are presented
separately in section 3.
2.2. Numerical Implementation and Validation. To
solve eqs 1−11 simultaneously and thus predict the selfdiﬀusiophoresis of JCMs, the commercial ﬁnite element
package COMSOL was used.36 The ALE method37 was
utilized to handle the movement of JCM and the evolution
of reaction product concentration and ﬂow ﬁelds, as has been
done for simulation of electrophoresis of colloidal particles.38
The computational domains were discretized using triangular
elements, and mesh was locally reﬁned near the JCM surface
and other solid boundaries (if present). During each simulation,
multiple remeshing was typically performed to maintain the
mesh quality. Mesh studies were also performed to ensure that
the results are independent of the mesh size.
We ﬁrst investigated the translation of JCM in bulk hydrogen
peroxide solutions, because this is a well-studied case, and
compare our numerical solution to the analytical prediction by
Howse et al.10 Speciﬁcally, a spherical JCM with a radius of 1
μm was placed in the middle of a hydrogen peroxide (H2O2)
solution measuring 100 μm in radius and 200 μm in height, so
that the JCM is eﬀectively in a free solution. Oxygen is
produced on the catalytic surface of the JCM at a constant rate
of10

(5)

on Γ1 and Γ2
(7)

(8)

α = α2

where kB is the Boltzmann constant and T is the absolute
temperature. For locally attractive/repulsive interactions
between the reaction product and the JCM, the mobility M is
negative (positive). We note that using the boundary condition
given in eq 7 does not create inconsistency even in the presence
of the transient and convection terms in eq 1 as long as Peλ/R
≪ 1, where Pe is the Péclet number based on the particle
radius.30,35
The translation and rotation of the JCM are governed by
mJCM

1

(11)

1

where U and ω are the JCM’s translational and rotational
speed, xs and x0 are the spatial position for the JCM surface and
center, respectively. us is the phoretic slip velocity. I and M are
the identity tensor and surface phoretic mobility. The mobility
is given by10
M = kBTλ 2 /μ

2

dS

(6)

us = M(I − nn) ·∇c

(10)

∫Γ ∪Γ σH·n dS = ∫Γ ∪Γ (−pI + μ(∇u + (∇u)T ))·n
1

where ρ and μ are the density and viscosity of the solution, and
p is the pressure. The self-diﬀusiophoresis of JCM induced by
the concentration gradient of reaction product is captured by
imposing a phoretic slip on its surface.31 This treatment is valid
in the thin interaction layer limit,30 i.e., λ/Lc ≪ 1, where λ is the
range of the interactions between the reaction product
molecules (RPMs) and the JCM. Lc is the critical length
scale in the diﬀusiophoresis process, e.g., the radius of the JCM
(when JCM is in bulk solution) or the distance between the
JCM surface and the surface of other JCM or walls. Typically, λ
is of molecular dimension while Lc is hundreds of nanometers
or larger. Hence λ/Lc ≪ 1 holds in most situations. In
principle, the transient term in eq 5 can be removed because
the Reynolds number is much smaller than 1. Here, we keep
this term because, with the ALE implementation in the code we
used, having a time-dependent velocity makes updating the
mesh easier. Keeping this term does not aﬀect the result; e.g.,
the terminal velocity of a JCM in bulk solution predicted in our
simulation agrees well with analytical solutions (see below).
With the above treatment, the ﬂuid velocity on the JCM’s
surface is given by30
u(x , t ) = U + ω × (xs − x0) + us

dω
= TH
dt

where mJCM and IJCM are the mass and the moment of inertia of
JCM, respectively. FH and TH are the force and torque exerted
on the JCM by the ﬂuids given by

(4)

∇·u = 0
ρ

IJCM

[H 2O2 ]v
[H 2O2 ]v + α2/α1

(13)

where α1 = 4.4 × 1011 μm−2 s−1, α2 = 4.8 × 1010 μm−2 s−1, and
[H2O2]v is the volume fraction of the fuel (H2O2) in the liquid
solution. We take the mobility M to be 1.011 × 10−36 m5/s,
consistent with previous reports.31 Initially, the ﬂuids and the
JCM are both stationary and the concentration of reaction
product (oxygen) is zero everywhere. On the outer boundaries
of the liquid solution, the zero stress condition was imposed for
the ﬂuid ﬂow and the zero concentration condition was
enforced for the reaction product. The self-diﬀusiophoresis of
the JCM was simulated in the axisymmetric domain occupied

(9)
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Rs is positioned on the axis of a long, cylindrical pore with a
radius of Rp and a length of Lp. The no-slip boundary condition
is applied on the pore wall for the ﬂuid velocity. If a
concentration diﬀerence of a certain solute, Δc, exists at the
pore’s two ends, the sphere migrates along the pore axis via
diﬀusiophoresis at a speed of39

by the liquid solution using the aforementioned model. During
the simulation, the JCM reaches a steady velocity quickly
(before it translates by 0.5 μm). The steady translation velocity
for this problem has been predicted analytically as10
Ua =

Mα
4D

(14)

⎡
⎛ R ⎞3
⎛ R ⎞5
M Δc ⎢
s
Up =
1 − 1.290⎜⎜ ⎟⎟ + 1.896⎜⎜ s ⎟⎟
Lp ⎢
⎝ Rp ⎠
⎝ Rp ⎠
⎣

Using the typical properties of O2 and H2O2 solution (DO2 = 2
× 10−9m2/s, ρH2O2 = 1.05 × 103 kg/m3, μH2O2 = 1.02 × 10−3 Pa·
s), we compute the steady translation velocity of a JCM in a
free solution. Figure 2 shows that the translation velocity
predicted by our simulation agrees with that predicted by eq 14
very well.

⎛⎛ ⎞8⎞⎤
⎛ R ⎞6
R
⎥
s
− 1.028⎜⎜ ⎟⎟ + O⎜⎜⎜ s ⎟⎟ ⎟⎥
⎜
⎟
R
R
⎝ p⎠
⎝⎝ p ⎠ ⎠⎦

(15)

where M is the diﬀusiophoresis mobility of the sphere.
Physically, as the particle radius Rs approaches Rp, the velocity
reduces due to the conﬁnement eﬀects. In our simulations, a
sphere with Rs = 1 μm was placed in the middle of a cylindrical
pore with Rp = 2−20 μm. The length of the pore is Lp = 40Rs,
the mobility M is 1.011 × 10−36 m5/s, and Δc is 1 mol/m3.
Figure 3 compares the sphere’s normalized translation velocity
U* = UpLp/MΔc in pores with various radii as predicted by our
simulations and by eq 15. The good agreement between the
computed translation velocity and the analytical solution
veriﬁes that the numerical methods and codes used here are
accurate for simulation of diﬀusiophoresis of particles in
conﬁned geometries.

3. RESULTS AND DISCUSSION
Using the mathematical model and numerical method
introduced above, we studied the self-diﬀusiophoresis of
JCMs under conﬁned conditions. Both the translational and
rotational dynamics of JCMs were examined to understand how
conﬁnement aﬀects the dynamics of JCMs.
3.1. Translocation of a Single Spherical JCM through
a Short Pore. Here, we study the eﬀect of conﬁnement on the
self-diﬀusiophoresis of spherical JCMs along the axis of a short
cylindrical pore. The system consists of a spherical JCM (radius
RJCM, 1 μm; catalytic surface facing downward) and a cylindrical
pore (radius, Rp; length, Lp) connected to two large reservoirs
(see Figure 4). The diﬀusiophoresis mobility of the JCM, M, is
1.011 × 10−36 m5/s. The rate of reaction production generated
on the JCM’s catalytic surface is 0.05 mol/m2·s. At t < 0, the
center of the JCM is ﬁxed at a distance of RJCM from the pore’s
entrance. Fluids inside the system are at rest and free of
reaction product. Note that, since the diﬀusion length of the
reaction product per unit time is far larger than the distance
from the JCM to the conﬁning walls, the ﬂow and reaction
product concentration ﬁelds near the JCM positioned at pore
entrance reach steady state at a time scale much shorter than
the time scale associated with their diﬀusiophoresis through the
pore. Hence, the initial conditions barely aﬀect the transport of
JCM. At t = 0, the JCMs start moving by self-diﬀusiophoresis.
The reservoir boundaries were treated as free of hydrodynamic
stress and reaction products. The no-slip and no-ﬂux boundary
conditions were enforced on the pore walls. In principle, there
can exist phoretic slips on the pore wall due to the
concentration gradient of the reaction products. Depending
on the interactions between reaction product and pore wall and
the local reaction product concentration gradient, such a
phoretic slip can be in the same or opposite direction of the
JCM’s diﬀusiophoresis. This can lead to rich JCM transport

Figure 2. Diﬀusiophoresis velocity of a single JCM in bulk hydrogen
peroxide solution predicted by analytical model (eq 14) and numerical
simulations.

Since we will study how conﬁnement aﬀects the dynamics of
JCMs in this work, we next verify that our numerical
implementation is capable of capturing dynamics of particles
under geometrical conﬁnement. We simulated the passive
diﬀusiophoresis of a noncatalytic sphere inside a cylindrical
pore (see Figure 3, inset). Speciﬁcally, a sphere with a radius of

Figure 3. Passive diﬀusiophoresis velocity of a sphere in a long pore
computed using simulations and using the analytical solution (eq 15).
Inset is a schematic of the simulation model.
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Figure 4. Schematic of a JCM translocating through a narrow pore.
The JCM, with its catalytic surface facing the negative z-direction, is
initially positioned at a distance of RJCM from the pore’s entrance. The
large black arrow indicates the swimming direction of the JCM due to
self-diﬀusiophoresis. The cs and cn are the product concentrations at
the south and north poles of JCM, respectively.

behavior in the pore, similar to the situation when electrophoresis of particles in pores is aﬀected by electroosmotic ﬂows
near walls.39,40 Here, in order to focus on the conﬁnement
eﬀect, we neglect these complications and assume that the
diﬀusiophoretic slips on the pore wall are fully suppressed (e.g.,
by polymer coating).41
To study eﬀects of conﬁnement on JCM translation, we vary
both Rp and Lp systematically. We ﬁrst examine the eﬀect of Rp
by varying βW = Rp/RJCM from 1.6 to 6, while keeping the pore
length constant at βL = Lp/RJCM = 20. Hereafter, all variables
are presented in dimensionless form. The velocity of the JCM
U* is scaled by the JCM’s velocity in unbounded free solution,
U∞
JCM, and the JCM traveling distance Z* is scaled by Lt = Lp +
RJCM, i.e., the distance traveled by the JCM when it fully
translocates the pore (see Figure 4). With these choices of
reference length and velocity, the dimensionless time is
∞
constructed as τ = tU∞
JCM/Lt, where Lt/UJCM represents the
time for a JCM to travel Lt in free solution. Figure 5a shows the
translation velocity of the JCM through various pores as a
function of time. In all cases, after self-diﬀusiophoresis is
enabled (τ = 0), the JCM quickly achieves a velocity close to its
steady velocity in free solution (i.e., U* = 1). In a moderately
narrow pore (βW = 2), the evolution of the JCM’s velocity
shows three distinct stages (see Figure 5a,b): when the JCM
starts to enter the pore, its velocity decreases, reaching a
minimum at τ < 0.25; as the JCM moves deeper inside the pore
and toward the exit, its velocity increases and reaches a
maximum before exiting the pore; as the JCM reaches the exit
(marked using plus signs in Figure 5b), its velocity decreases
rapidly toward its steady-state velocity in the free solution. To
understand such a nonmonotonic evolution of the JCM
velocity, we note that the diﬀusiophoresis of JCM is governed
by the phoretic slip on its surface, which in turn depends on the
gradient of the RPM along its surface. Since the latter gradient
depends qualitatively on the diﬀerence of the RPM
concentrations Δcsn = cs − cn at the catalytic south pole cs
and uncoated north pole cn (see Figure 4), we now examine this

Figure 5. Translocation of a JCM through cylindrical pores with
diﬀerent radii but the same length (Lp = 20RJCM). (a) Position of the
JCM inside the pore at three time instants. (b, c) Evolution of JCM
dimensionless velocity and JCM dimensionless traveling distance as
the JCM “swims” through the pore. The plus signs in (b) mark the
time instants at which the JCM leaves the pore. A JCM completes its
translocation through the pore when it reaches Z* = 1, and the
corresponding time instant is marked by “×” in (c). Movie 1 in the
Supporting Information shows the translocation of a JCM through a
pore with βW = 1.6.

diﬀerence and its evolution with time in Figure 6. Note, in all
ﬁgures, Δcsn is normalized by the diﬀerence of the product
concentrations at the south and north poles of a JCM in free
solution, Δc∞
sn . The cs and cn are normalized by the product
concentration at the north pole of a JCM in free solution, c∞
n .
Figure 6b shows that, for βW = 2, when the JCM just enters
the pore, Δcsn
* decreases, which is consistent with the gradual
decrease of U* observed in Figure 5a. As the JCM moves into
the pore, the concentrations of reaction product at both its
south and north poles increase because the diﬀusion of the
RPMs toward the reservoir is hindered by the pore walls,
leading to a buildup of RPMs on the JCM surface (see Figure
6a). However, c*s (solid lines) increases slower than c*n (dashed
lines). This is because the transport of RPMs away from the
south pole of a JCM, which faces a large reservoir nearby, is
more eﬃcient than from the north pole, which faces the interior
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eﬀect of conﬁnement on JCM dynamics diminishes: the
velocity of the JCM changes only slightly as the JCM passes
through the pore and the JCM velocity and the translocation
time are hardly aﬀected by the presence of the pore walls (see
Figure 5b,c).
Overall, the translocation of JCMs through the pore is
slowed down rather modestly by the conﬁnement. In fact, the
slowdown of self-diﬀusiophoresis by conﬁnement is weaker
compared to that for the particle transport driven by other wellknown mechanisms. Figure 7 compares the average speed of

Figure 7. Comparison of the average speed of sphere through pores
driven by diﬀerent mechanisms as a function of conﬁnement βW = Rp/
Rs (Rp and Rs are the radii of the pore and sphere, respectively). For
each transport mechanism, the average speed of the sphere inside a
pore Up is scaled using the sphere’s speed in the free solution, U∞.
Insets are the sketches of diﬀerent particle transport mechanisms.

Figure 6. Reaction product concentrations at the south and north
poles of the JCM. The evolution of cs* (solid lines) and cn* (dashed
lines) (a), and the diﬀerence of reaction product concentrations at the
south and north poles of the JCM (b) as the JCM “swims” through the
pore.

of a long pore (see Figure 5a, I). Consequently, Δc*sn decreases
as the JCM moves toward the pore interior (see Figure 6b) and
the self-diﬀusiophoresis of JCM weakens. In response, JCM
slows down. However, as the JCM moves deeper into the pore
(see Figure 5a, II), Δcsn
* increases because the product
molecules generated on the catalytic surface are conﬁned
more near the catalytic surface and transported less to the
uncoated surface due to the conﬁnement by pore walls.
Consequently, the JCM speeds up as shown in Figure 5b.
Finally, when the JCM starts to move out of the pore (see
Figure 5a, III), the concentration of reaction products near its
south pole drops rapidly due to their eﬃcient transport toward
the large reservoir, leading to a rapid decrease of Δc*sn and the
JCM velocity toward their values in free solutions. We note that
the fact that conﬁnement modiﬁes the reaction product
concentration ﬁeld near JCMs in pores has been reported by
Tao and Kapral.21 In their work, the accumulation of reaction
product inside the pore was removed using an artiﬁcial scheme
in which reaction products are converted back to reactants
when they diﬀuse far enough away from the catalytic dimer. As
such, the eﬀect of conﬁnement on reaction product
concentration is much less distinct in their studies.
When the pore becomes narrower (βW = 1.6), the eﬀect of
conﬁnement on the transport of RPMs becomes stronger and
Δc*sn exhibits a much larger variation as the JCM enters and
leaves the pore (see Figure 6b). These variations of Δcsn modify
the translation of JCM through the same physics discussed
above, but the eﬀects are more pronounced; e.g., the maximal
speed of the JCM, which is achieved when the JCM is about to
exit the pore, is 2.25 times that in free solutions (see Figure 5b).
On the other hand, as the pore becomes wider (βW = 6), the

spheres traveling through narrow pores driven by selfdiﬀusiophoresis, external body forces,42 and passive diﬀusiophoresis.40 In the latter two cases, the motion of a sphere is
induced by an external body force and an externally imposed
concentration gradient of a certain solute (see the insets of
Figure 7), respectively. For the self-diﬀusiophoresis of a sphere
through a short pore, its average speed is deﬁned as the mean
velocity during its translocation through the pore. For transport
by the latter two mechanisms, the pore is inﬁnitely long and
Stokes ﬂow is assumed; for self-diﬀusiophoresis, the pore length
is ﬁxed at 20RJCM. The comparison of the transport of particles
driven by diﬀerent mechanisms is complicated by the fact that
the mean velocity of a JCM driven by self-diﬀusiophoresis is
obtained in a ﬁnite-length pore, which includes the “entrance”
and “end” eﬀects. Nevertheless, since these eﬀects tend to
cancel each other (cf. Figure 5a), the above comparison can still
lead to useful insight on how conﬁnement aﬀects the transport
of particles by diﬀerent mechanisms.
Figure 7 shows that, for βW = 2, the velocity of a sphere
driven by external force is 82% smaller than that in free
solutions. Such a signiﬁcant slowdown is caused by the
enhanced hydrodynamic drag in narrow pores.42 For the
passive diﬀusiophoresis in the same pore, its speed decreases
less signiﬁcantly, by 11%. This is because, for a given externally
imposed concentration gradient of solutes (usually imposed at a
distance away from the sphere), the solute concentration
gradient near the sphere is greatly enhanced when it is conﬁned
inside a pore. This enhances the phoretic driving force and
counteracts the enhanced hydrodynamic drag caused by
conﬁnement.43 For self-diﬀusiophoresis of a JCM in the same
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Figure 8. Translocation of a JCM through cylindrical pores with diﬀerent lengths but the same radius (Rp = 2RJCM). The evolution of JCM
dimensionless velocity (a), the c*s (solid lines) and c*n (dashed lines) (b), JCM dimensionless position (c), and the diﬀerence of reaction product
concentrations at the south and north poles of the JCM (d) as the JCM “swims” through the pore.

performance of microsystems in which self-diﬀusiophoresis is
used for particle transport.
We next examine the eﬀect of pore length Lp on the JCM
translocation through pores by varying βL = Lp/RJCM between
10 and 30, while ﬁxing βW = 2. Figure 8a shows that, in all
pores, the three stages of JCM translocation, during which the
JCM velocity varies nonmonotonically, are still observed. In
longer pores, the initial slowdown of JCM is more signiﬁcant,
consistent with the greater decrease of Δc*sn in the longer pores
during this stage (see Figure 8d). The latter is mostly caused by
the fact that, in longer pores, RPMs build up more easily near
the north pole of the JCM (see Figure 8b), which faces the
interior of the pore. In longer pores, the increase of the JCM
speed once it is deep inside the pore is also more obvious. For
example, the maximal velocity of the JCM inside a pore
increases by 15% when βL increases from 10 to 30. This is
because, in longer pores, the buildup of the RPMs near the
catalytic surface is more signiﬁcant due to the less eﬀective
transport of these molecules from these pores to reservoir and
the longer time the JCM spends inside these pores. Overall,
Figure 8c shows that, in moderately narrow pores (βL = 2), the
average speed of the JCM decreases only slightly as the pore
becomes longer: as βL increases from 10 to 30, the time for
JCM to translocate through the pore increases by 8%, i.e., the
average speed of the JCM inside the pore decreases by 8%.
We also studied how the reaction rate on the JCM’s catalytic
surface aﬀects its translocation through pores (see Figure S1 in
the Supporting Information). We found that, for a given pore,
the average translocation velocity roughly increases linearly
with the reaction rate. Equation 14 shows that, in bulk
solutions, the velocity of a JCM also increases linearly with the
reaction rate. The fact that conﬁnement does not greatly

pore (βW = 2), the slowdown by conﬁnement is even weaker
(∼4%). This can be understood as follows. First, since the
RPMs are generated on the JCM’s catalytic surface and they
must diﬀuse toward the two ends of the pore; their
concentration near the JCM’s catalytic surface increases when
the pore size reduces. This tends to enhance the concentration
gradient of reaction product on the JCM’s surface more greatly
compared to the situation in passive diﬀusiophoresis. Second,
for the translocation of JCM through a short pore by selfdiﬀusiophoresis, the JCM travels faster than in free solution
when it approaches the pore’s exit, which partially compensates
the slowdown of JCM near the pore entrance (see Figure 5b).
Since this feature is absent for passive diﬀusiophoresis of a
sphere in a long pore, the overall slowdown is weaker for selfdiﬀusiophoresis. Finally, the fact that particle−wall hydrodynamic interactions have a longer range in force-driven
particle transport than those in classical and self-diﬀusiophoresis also contributes to the stronger sensitivity of force-driven
particles to the conﬁnement by pore walls. Figure 7 also shows
that, when a pore becomes very narrow (e.g., βW = 1.5), the
average speed of particle transport by self-diﬀusiophoresis
becomes similar to that by passive diﬀusiophoresis. This is
likely because, for very narrow pores, the pore entrance greatly
slows down the JCM as it enters the pore (see Figure 5b),
hence the JCM takes longer time to translocate the pores. On
the other hand, the passive diﬀusiophoresis of particle is
measured inside inﬁnitely long pores and, therefore, is not
aﬀected by such an entrance eﬀect. From the above discussions,
it is clear that the self-diﬀusiophoresis of JCMs in conﬁned
geometries exhibits interesting new features compared to other
forms of particle transport in similar geometries. Identifying
and understanding these features are useful for improving the
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Figure 9. Translocation of a pair of JCMs through a short pore. (a, b) Evolution of the velocity (a) and the position (b) of each JCM as a function of
time. The dashed line is the result of single JCM translocating through the same short pore from Figure 5. A JCM completes its translocation
through the pore when it reaches Z* = 1. (c) Reaction product concentration ﬁeld at τ = 0.9, when the front JCM is about to exit the pore (the
JCMs are marked by the white circles). The black circles denote the initial positions of the JCMs. The arrows denote the slip velocity on the JCMs’
surface. Movie 2 in the Supporting Information shows the translocation process.

gain insights on how interactions between JCMs aﬀect their
transport in conﬁnement. Speciﬁcally, two JCMs (RJCM = 1
μm) are positioned near the entrance of a short cylindrical pore
(Rp = 2RJCM; Lp = 20RJCM), with their axes aligned with the
pore’s axis. The pore is open to large liquid solution reservoirs
(length, 50RJCM; radius, 50RJCM) at both ends. The distance
between the center of the JCM closer to the pore and the pore
entrance is RJCM. The separation between the JCMs is 2RJCM,
and the catalytic surfaces of both JCMs are facing downward
(see Figure 9a, inset). The interactions between JCMs are
relatively strong under these conditions, but we veriﬁed in
separate simulations that varying the distance between JCMs
does not qualitatively change the results. The initial conditions
and boundary conditions are similar to those in section 3.1; e.g.,
the JCMs are at rest for τ < 0 and allowed to move by selfdiﬀusiophoresis at τ = 0.
Figure 9a shows the evolution of the velocity of the two
JCMs (hereafter, the JCM entering the pore ﬁrst is termed the
front JCM, while the other JCM is termed the back JCM) as
they pass through the pore. The evolution of the velocity of
both JCMs exhibits the same trend found during the
translocation of single JCMs through the pore (dashed lines
in Figure 9); i.e., as a JCM passes through the pore, the
slowdown−speedup−slowdown cycle of its velocity is
preserved qualitatively. There are, however, quantitative
diﬀerences between the dynamics of the JCMs studied here
and in Figure 5a. Compared to the situation when a single JCM
passes through the pore, for the front JCM, its initial slowdown
terminates at an earlier time, its subsequent speedup is more
signiﬁcant (Figure 9a), and its translocation time is ∼12%
shorter (Figure 9b). For the back JCM, it slows down much

change the eﬀect of reaction rate on the JCM movement is
likely because the eﬀect of conﬁnement on the transport of
reaction product is similar regardless of the reaction rate.
The above discussion revealed that the translocation of JCMs
through pores is governed by the complex interplay between
hydrodynamics in conﬁnement and the transport of reaction
products near the JCM and inside the pores. The weak
dependence of the JCM’s average translocation speed on the
pore size and length is due to the rather strong cancellation
eﬀects of these processes. From an application perspective, the
fact that a JCM’s average translocation speed is aﬀected weakly
by conﬁnement of pore walls helps simplify its design for
transport in pores because its velocity in free solutions can be
used to estimate its translocation. It should, however, be
cautioned that these results are obtained under the condition
that the reaction rate is a constant; i.e., the eﬀect of
consumption of fuel on the reaction rate is assumed to be
small. As discussed earlier, this assumption is reasonable when
Da = sL̅/DfCf ≪ 1. Because the pore length is the most relevant
length scale for fuel transport inside a pore, it follows that the
above results on JCM dynamics in pores hold for pores with
pore length smaller than DfCf/s. For much longer pores, the
eﬀects of fuel transport must be considered in analyzing the
JCM dynamics.
3.2. Translocation of a Pair of Spherical JCMs through
a Short Pore. In practical applications and many recent
experiments, many JCMs could coexist in the system.6,44,45
Because of the “crowding” of JCMs in these systems, the
dynamics of individual JCMs can be aﬀected greatly by the
interactions between the JCMs. Here we consider the
translocation of a pair of JCMs through a cylindrical pore to
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more greatly as it enters the pore and becomes nearly stalled;
while its speed does increase later and nearly reaches the
maximal velocity of a single JCM passing through the same
pore (Figure 9a), its net translocation time is 50% longer than
that of a single JCM passing through the pore (Figure 9b).
Overall, pairing of JCMs aﬀects the translocation of the front
and the back JCMs very diﬀerently: it weakly accelerates the
translocation of the front JCM, but greatly slows down the
translocation of the back JCM.
The diﬀerent behaviors of JCMs passing through a pore as
pairs and as singlets and the diﬀerent eﬀects of JCM pairing on
the translocation of the front and back JCMs originate mostly
from the “chemical interactions” between a pair of JCMs
translocating a pore. These chemical interactions originate from
the modiﬁcation of the slip velocity and viscous stress on the
JCM’s surface due to changes in the reaction product
concentration ﬁeld near the JCM. They have been previously
shown to aﬀect the dynamics of a pair of “active” particles or a
JCM near conﬁning walls.3,16,23−29,46 In light of these works, we
analyze the reaction product concentration nearby in the
system. Pairing of JCMs inside a narrow pore leads to a
concentration ﬁeld of the reaction product shown in Figure 9c.
Because of pairing, the concentration of RPM near the catalytic
surface of the front JCM is enhanced greatly, which enhances
the strength of diﬀusiophoresis of the front JCM (see the
phoretic slip velocity us indicated by the black arrows in Figure
9c). Meanwhile, the concentration of RPM near the noncatalytic surface of the back JCM is elevated by the pairing of
JCMs, which weakens the phoretic slip on the surface of the
back JCM and thus slows down its translocation. The “chemical
interactions” between adjacent JCMs conﬁned in narrow pores
may be useful in designing a complex system for particulate
transport; e.g., they may be harnessed to accelerate or block the
motion of a certain group of particles, hence being useful for
local control of system behaviors.
3.3. Rotational Dynamics of Circular JCMs near and in
Short Pores. In free solutions, self-diﬀusiophoresis drives a
JCM to move in the direction deﬁned by the vector pointing
from the apex of its catalytic surface to the apex of its
noncatalytic surface. For convenience, we can identify this
vector as the “phoretic axis” of the JCM (identiﬁed as rsn in
Figure 10). In the above discussions, all spherical JCMs are
positioned with their phoretic axes coinciding with the pore’s
axis and thus they do not experience rotation. In practice,
however, the phoretic axis of JCMs may not be fully aligned
with the pore’s axis, e.g., due to thermal ﬂuctuations or forces
imposed by external magnetic ﬁelds.47 Therefore, it is
important to understand how JCMs’ orientation aﬀects their
transport into and through pores. Here, we study the transport
of single JCMs in two scenarios in which their axes are not
always fully aligned with the pore axis. Since simulation of
particle transport in conﬁned space, in which a particle can
approach the pore wall closely, is expensive, all simulations are
performed in two-dimensional spaces (i.e., JCMs are circular
disks) to explore the JCMs’ translation and rotational dynamics.
We note that prior studies of the electrophoresis of charged
particles in a microchannel revealed that the rotation of
particles driven by phoretic eﬀects can be indeed captured quite
well in two-dimensional simulations.48
3.3.1. A JCM Entering a Pore. In this ﬁrst scenario, a circular
JCM is initially positioned at the entrance of a pore with its
center on the pore’s axis and its phoretic axis forming an
inclination angle θ0 with the pore’s axis (identiﬁed as rc in

Figure 10. Trajectories of JCMs with diﬀerent initial inclination angles
θ0 near a pore’s entrance. The JCM’s center is initially positioned at z
= 0. For small θ0, the JCM can rotate toward the pore interior and
swim into the pore. For large θ0, the JCM either collides with the pore
wall or swim away from the pore. Movie 3 in the Supporting
Information shows the trajectory of the JCM with θ0 = 90°.

Figure 10). The JCM has a radius of RJCM = 1 μm, and the pore
has a width of 6RJCM and a length of 50RJCM. Two large
reservoirs are included at the pore’s two ends. The pore walls
are treated as no-slip and nonpermeable surfaces. At τ = 0, the
entire system is free of RPM and both the ﬂuids and the JCM
have zero velocity. At τ > 0, the JCM is allowed to move by selfdiﬀusiophoresis.
Figure 10 shows the trajectories of the JCMs with diﬀerent
initial inclination angles θ0. We observed the dynamics of the
JCM greatly depends on θ0. For small θ0 (e.g., θ0 = 45°),
initially, the JCM mostly moves toward the right pore wall with
little rotation. Once it is close to the pore’s right wall, the JCM
rotates rapidly in the counterclockwise direction and turns into
the pore and its phoretic axis becomes aligned with the pore’s
axis. The JCM’s motion is somewhat similar to the “reﬂection”
and “skimming” of JCMs near semi-inﬁnite walls when they
approach the wall at some inclination angles.23,24,26,27,46 For
large θ0 (e.g., θ0 = 60° and 90°), the initial stage of JCM
movement is similar to that for small θ0. However, by the time
the JCM is close to the right pore wall, the JCM rotates in the
clockwise direction. This rotation causes the JCM’s phoretic
axis to become less aligned with the pore’s axis, and the JCM
either collides with the pore entrance (θ0 = 60°) or swims
toward the reservoir (θ0 = 90°).
To understand these observations, we note that the rotation
of a JCM is determined by the net torque acting on it, which in
turn depends on the distribution of the viscous stress on its
surface (see eq 12). The viscous stress at any point on a JCM’s
surface scales as σs ∼ μut /S , where ut is the local ﬂuid velocity
tangential to the JCM’s surface and S is the length over which
the ﬂuid velocity decays to zero as one moves away from the
JCM’s surface. For a JCM near pore walls, S can be taken as the
distance from the JCM surface to the nearest wall, Lsw. Given
that the velocity of ﬂuids on the JCM surface is usually
dominated by the phoretic slip velocity us, we have σs ∼ μus/
Lsw. The part of a JCM’s surface on which the phoretic slip
velocity us points in the counterclockwise (clockwise) direction
with respect to its center experiences a local stress in the
clockwise (counterclockwise) direction, and is deﬁned as Γc
(Γcc) and labeled by green (yellow) curves in Figure 11. As
reported in previous studies, the local stress on JCM’s surface is
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eﬀect. To this end, we assume that the phoretic slip velocity us
(black arrows in Figure 11) on the surface of a JCM is identical
to that when the JCM is located in unbounded free solution
regardless its location and orientation in the system. When a
JCM is placed at the entrance of the pore with θ0 = 45°,
initially, the JCM swims toward the pore wall with little
rotation. Once the JCM is near the pore wall (e.g., at τ = 0.34,
see Figure 11a), the viscous stress σs on the Γcc surface becomes
larger than that on the Γc surface: while the slip velocity
distribution on the Γcc and Γc surface is the same, Lsw is smaller
on the Γcc surface than on the Γc because of the small
inclination angle of the JCM. As a result, the net torque
generated by the viscous stress on the Γcc surface is stronger
than that on the Γc surface, and the JCM rotates in the
counterclockwise direction. We next examine the role of
chemical eﬀects in the rotation of the JCM. To this end, recall
that conﬁnement aﬀects the transport of reaction product near
the JCM and thus the us distribution on JCM’s surface. In
Figure 11b, we plot the real us (black arrows) on the JCM’s
surface at τ = 0.34. We observe that the area of the JCM’s
surface (yellow) on which us points to the clockwise direction is
larger than the area of the JCM’s surface (green) on which us
points to the counterclockwise direction; i.e., Γcc is larger than
Γc. The larger area of Γcc than Γc tends to increase the net
torque exerted on the JCM in the counterclockwise direction,
and thus the JCM rotates in the counterclockwise direction and
swims deeper into the pore. Overall, the role of hydrodynamic
and chemical interactions on the JCM dynamics in the situation
examined here shows clear similarity with that for JCMs near
semi-inﬁnite walls.
For the JCM with an initial inclination angle of θ0 = 60°, we
again ﬁrst focus on the hydrodynamic eﬀects only. Figure 11c
shows the sketch of the JCM at τ = 0.24, in which the slip
velocity us on the JCM’s surface is taken as that for JCM in free
solution. In this case, because of its large θ0, most of the Γcc
surface faces the reservoir instead of the right pore wall and
most of the Γc surface faces the pore interior, which are in sharp
contrast to the situation for the JCM with θ0 = 45° (see Figure
11a). As a result, the Lsw for the majority of the Γcc surface is
larger than that for the majority of the Γc surface. Hence the
viscous stress is stronger on the Γc surface than on the Γcc
surface, and the resulting net torque drives the JCM to rotate in

Figure 11. Distribution of the phoretic slip velocity us on the surface of
JCMs when they approach the pore wall. Each JCM is originally placed
at the pore entrance with an inclination angle θ0 as shown in Figure 10.
The surface on which us points in the clockwise (counterclockwise)
direction with respect to the JCM center and the local viscous stress
causes a counterclockwise (clockwise) torque is deﬁned as Γcc (Γc). In
(a) and (c), us is taken, hypothetically, to be that for JCM in the free
solution to isolate the hydrodynamic eﬀect on JCM rotation. In (b)
and (d), the real us determined in simulations is shown to help
delineate the chemical eﬀects on JCM rotation.

controlled by two eﬀects: the chemical eﬀect and the
hydrodynamic eﬀect.23,24,26,46 The chemical eﬀect refers to
the fact that the viscous stress depends on us, which is
determined by the tangential gradient of chemical species (in
our case, the product of the catalytic reactions) on the JCM’s
surface as shown by eq 7. The chemical eﬀect depends strongly
on the transport of the reaction products, which is aﬀected by
the conﬁnement by pore walls. The hydrodynamic eﬀect refers
to the fact that, for a given us, the local viscous stress depends
on the ﬂuid ﬂow near the JCM’s surface, or roughly the distance
from the JCM surface to the nearest pore wall as pointed out
above.
Both hydrodynamic and chemical eﬀects contribute greatly
to the dependence of a JCM’s rotation on its initial inclination
angle, θ0. For clarity, we ﬁrst examine purely the hydrodynamic

Figure 12. Self-alignment behavior of JCM swimming inside a pore. The JCM was initially placed near the pore entrance with phoretic axis fully
aligned with the pore axis. An external, clockwise torque was applied on the JCM during τ = 0.34−0.52 to rotate the JCM in the clockwise direction.
(a, b) Trajectory (a) and inclination angle (b) of the JCM as a function of time. (c) Distribution of the reaction product near the JCM at τ = 0.87.
The black arrows denote the phoretic slip velocities on the JCM’s surface.
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oﬀ-axis motion of JCMs, the modiﬁcation of the viscous stress
on the squirmer’s surface as it moves toward the pore walls is
essential for such motion.49,50 The JCM in our study does not
exhibit periodic motion such as swinging (i.e., approaching
toward and departing from the pore axis periodically) but
moves toward and then resides on the pore axis. This diﬀerence
originates from the modiﬁcation of the surface slip velocity by
chemical eﬀects, which plays an important role in JCM
dynamics in narrow pores, and is not included in the squirmer
models.

the clockwise direction. We further consider the chemical eﬀect
by considering the real phoretic slip velocity us on the JCM
surface (see Figure 11d). We observe that, compared to those
shown in Figure 10c, the area of the Γc surface facing the pore
interior/wall and the area of the Γcc surface facing the reservoir
both increase. Consequently, the Lsw on the Γcc surface
increases, while the Lsw on the Γc surface decreases. These
changes enhance (reduce) the viscous stress on the Γc (Γcc)
surface and increase the net torque acting on the JCM in the
clockwise direction. Hence, the chemical eﬀect further
enhances the clockwise rotation of the JCM.
For θ0 = 90°, the mechanism of the rotational motion of
JCM is similar to that for θ0 = 60°. The imbalance of stress
distribution causes net, clockwise torque acting on the JCM and
drives it to rotate in the clockwise direction. However, because
of the larger initial inclination angle, the JCM swims toward the
reservoir instead of colliding with the pore wall.
3.3.2. A JCM Swimming Inside a Pore. In this second
scenario, we study how a JCM inside a pore rotates when its
phoretic axis becomes misaligned with the pore axis. As shown
in Figure 12a, initially a JCM swims toward a pore entrance
with its phoretic axis fully aligned with the pore axis. At τ =
0.34, when the JCM is inside the pore, an external torque is
applied on the JCM for 1 s, forcing it to rotate in the clockwise
direction. At τ = 0.52, the inclination angle of the JCM reaches
40°. The external torque is then removed and the JCM swims
solely by self-diﬀusiophoresis. This problem mimics the
situation in which the JCM become misaligned with the pore
axis due to reasons such as thermal ﬂuctuations. The size of the
JCM, the pore, and the reservoir are the same as those in the
scenario 1.
Figure 12 shows the trajectory of the JCM and its inclination
angle as a function of time. The JCM exhibits a self-alignment
behavior after the external torque was removed: (1) it moves
away from the right pore wall and its inclination angle
decreases; (2) eventually, the JCM becomes centered across the
pore with its phoretic axis aligned with the pore axis. The ﬁrst
observation is similar to that observed when a JCM approaches
an open, planar wall with its phoretic axis initially forming an
angle less than 90°.23,24 This self-alignment behavior is a result
of the combined chemical and hydrodynamic eﬀects. When the
JCM deviates from the pore axis and approaches the right pore
wall as shown in Figure 12a, the distance between the JCM’s
surface facing the right wall decreases, and hydrodynamics
eﬀects cause the viscous stress σs ∼ μus/Lsw on this surface to
increase. Meanwhile, the phoretic slip velocity on the JCM’s
surface facing the right wall increases due to chemical eﬀects,
and thus enhances the viscous stress on this surface. The
increased viscous stress on the JCM’s surface facing the right
wall leads to a net counterclockwise torque acting on the JCM.
Such a net torque drives the JCM to rotate in the
counterclockwise direction so that its phoretic axis becomes
more aligned with the pore axis. Moreover, when the JCM is
close to the wall and rotating, it generates a high concentration
zone for the reaction product near the wall (see Figure 12c).
Such a high concentration zone triggers the horizontal
diﬀusiophoresis of the JCM toward the pore center. Because
of the rotation and horizontal movements, the JCM tends to
swim away from the pore wall and thus exhibit the selfalignment behavior shown in Figure 12a,b.
The JCM’s oﬀ-axis movement shown in Figure 12 bears
some similarities with the oﬀ-axis motion (e.g., swinging and
tumbling) of squirmers conﬁned in pores.49,50 Similar to the

4. CONCLUSIONS
The translational and rotational dynamics of JCMs in conﬁned
geometries driven by self-diﬀusiophoresis were studied using
direct numerical simulations. Our simulations revealed that
JCMs can exhibit rich dynamic behavior under conﬁned
conditions. For the translocation of a single spherical JCM
through a short cylindrical pore, while the JCM is slowed down
by the pore on average, the speed of the JCM can exceed that in
free solutions when the JCM approaches the pore exit. The
overall slowdown of self-diﬀusiophoresis becomes more
obvious when the pore size reduces, but its dependence on
the pore size is much weaker than the transport of particles
driven by external force or externally imposed concentration
gradients. For the translocation of a pair of JCMs through a
pore, when both of their catalytic surfaces are facing the bottom
reservoir direction, the front JCM speeds up but the back JCM
slows down. For a circular JCM near a pore entrance and with
its phoretic axis not aligned with the pore axis, the JCM can
enter the pore and its phoretic axis becomes fully aligned with
the pore axis if its initial inclination angle is small. Otherwise,
the JCM either collides with the pore entrance or moves away
into the reservoir. For a JCM already inside a pore, selfdiﬀusiophoresis can align the JCM’s phoretic axis with the pore
axis and drive it toward the pore center for the parameters
considered here.
Analyses showed that these rich behaviors have both
hydrodynamic and chemical origins. In particular, the
modiﬁcation of the chemical species concentrations surrounding a JCM by wall conﬁnement and its neighboring JCMs,
which can be called “chemical eﬀect”, plays a key role in
determining the translation and rotation of the JCMs. In
ordinary particulate transport problems, chemical species in the
solution and their transport have little or no impact on the
particulate transport. In the self-diﬀusiophoresis of JCMs,
however, chemical eﬀects become important because the
gradient of chemical species on their surface impacts the
phoretic slip velocity on the surface. These eﬀects, already
identiﬁed in studies of JCM dynamics near semi-inﬁnite walls,
are especially signiﬁcant when the conﬁnement is severe (e.g.,
when a JCM is inside a narrow channel21) or when JCMs
approach each other closely.16,28,29 Given these situations are
increasingly encountered in the applications of JCMs, chemical
eﬀects should be taken into account in the design and operation
of JCMs in these applications.
While our simulations captured the key physics of selfdiﬀusiophoresis of JCMs, some other interesting physics are not
considered. For instance, the eﬀect of fuel transport on JCM
dynamics is neglected. Likewise, possible diﬀusioosmotic ﬂows
induced by the charges on JCM/pore walls as well as the
gradient of reaction product concentration on the pore wall are
neglected. These eﬀects merit additional exploration in future
studies.
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