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Abstract. Using lattice Boltzmann simulations we study the hydrodynamics of an active spherical particle
near a no-slip wall. We develop a computational model for an active Janus particle, by considering different
and independent mobilities on the two hemispheres and compare the behaviour to a standard squirmer
model. We show that the topology of the far-field hydrodynamic nature of the active Janus particle is similar
to the standard squirmer model, but in the near-field the hydrodynamics differ. In order to study how the
near-field effects affect the interaction between the particle and a flat wall, we compare the behaviour of
a Janus swimmer and a squirmer near a no-slip surface via extensive numerical simulations. Our results
show generally a good agreement between these two models, but they reveal some key differences especially
with low magnitudes of the squirming parameter 5. Notably the affinity of the particles to be trapped at
a surface is increased for the active Janus particles when compared to standard squirmers. Finally we
find that when the particle is trapped on the surface, the velocity parallel to the surface exceeds the bulk

swimming speed and scales linearly with |3].

PACS. XX.XX.XX No PACS code given

1 Introduction

Artificial microswimmers have become an important tool
to study the structures and dynamics of motile micro-
organisms in a laboratory [1,2]. A typical example of ar-
tificial swimmer is provided by an active Janus particle:
a spherical micrometer sized colloidal particles rendered
motile by local gradients ( e.g. chemical or thermal) [2].
These local gradients give a rise to a phoretic slip veloc-
ity tangential to particle surface, resulting a squirming
motion of the particle [2]. A popular theoretical model
for describing the squirming motion was introduced by
Lighthill [3] (so called squirmer model). In this model, a
continuous slip velocity is assigned to the particle surface,
leading to a time-independent squirming motion [4]. The
squirmer model has been instrumental in theoretical and
simulation studies of the hydrodynamics of spherical self-
propelling particles [5-11]. The hydrodynamic nature of
the motion is given by the squirming parameter 3, where
B < 0 corresponds to pushers and 8 > 0 to pullers, re-
spectively.

Both experimental and simulation studies have shown
that the swimmers have an affinity to accumulate near
surfaces [7-9,12,13,10]. Experiments have shown that the
synthetic swimmers can be trapped by a colloidal crys-
tal [12] and solid geometries can be used to guide the par-
ticles [13,14]. Specifically simulations [6,9,10] and detailed
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theoretical calculations [7] have shown that the trapping
of the squirmers by a no-slip wall is strongly dependent of
the value of 3: typically || 2 4 is required [7]. Also specific
surface interactions can influence the observed dynamics.
For example, including a short range repulsion near the
wall, can lead to both decaying or periodic cyclic motion
near the surface [6,9,10].

In the experimental realisation of artificial microswim-
mers based on two faced Janus particles, the two hemi-
spheres are expected to have different interaction with the
medium. An example of this is provided by differing cat-
alytic rates (e.g. reaction with hydrogen peroxide HyO9
in the case of chemical swimmers [15,12,16-20,13]) or for
example different heat conduction properties leading to a
temperature gradient across the particle surface for ther-
mophoretic colloids [21,22]. Thus it is natural to assume
that the slip velocity would have a discontinuity across the
equator of the particle. This is in stark contrast with the
squirmer model, where the tangential slip velocity varies
continuously over the the particle surface [4]. While the
far-field topology of the flow field is expected to only de-
pend on the nature of the swimmer (e.g. pusher versus
puller), the near-field effects could change dramatically,
when the two different mobilities on the opposite hemi-
spheres are taken into account. The near-field effects have
been shown to be important in determining the behaviour
of the swimmer near a no-slip surface [10]. It should be
noted that recent theoretical and simulation work suggest
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Fig. 1. Schematic of the microswimmer near a wall, defining
the shortest distance d between the particle surface and the
wall as well as the angle ¢ between the particle direction and
the wall, used in the text. vs(#) is the slip velocity at the par-
ticle surface at an angle 6 from the swimmer direction.

that phoretic interactions can dominate particle-particle
interactions [23,24], and can lead to the experimentally
observed clustering of synthetic swimmers [25-27]. These
interactions could also have an effect on the surface ac-
cumulation of synthetic swimmers. For example, the in-
terplay between a chemical distribution and a hydrody-
namic flow has been shown to affect the swimmer states
observed for a single spherical swimmer approaching a no-
slip wall [28,29].

In this work we develop a hydrodynamic model for
a Janus swimmer in the framework of lattice Boltzmann
(LB) simulations. We do not explicitly deal with phoretic
interactions, but instead build a model for a Janus swim-
mer by considering a discontinuous slip velocity over the
particle surface to take into account the varying mobili-
ties in the opposing hemispheres. The model is based on
LB implementation of squirmers [5,6], but instead of con-
tinuous varying slip velocity, we assign two different mo-
bilities on the two hemispheres u; and us. To compare to
the traditional squirmer model, we map the two mobilities
to the squirming parameter . Via extensive simulations
we compare the hydrodynamic interactions between the
active colloid and no-slip wall, for the two models: our
active Janus model and classical squirmer model. Our re-
sults demonstrate that qualitatively the Janus swimmers
behave in an agreement with the squirmers. However we
show that for certain values of 8 the Janus swimmers can
exhibit multiple different modes of the cyclic motion and
stronger affinity to accumulate at the surface, this is es-
pecially true to low values of |5].

2 Computational model

Chemically or thermally driven Janus particles have be-
come a widely studied class of artificial micro-swimmers.
In most cases they consist of colloidal spheres with an ac-
tive cap which typically covers half of their surface. The

particles’ activity results in a finite slip velocity v which,
because of different physical or chemical properties, takes
different value on the uncoated and coated hemispheres.
When defining the polar angle 8 with the respect to the
particle’s axis (Fig. 1), one has
vs(6 :{uls%nﬂ for cosf >0 (1)
ugsin@ for cosfd < 0

where prefactors u; and us describe the slip velocity on
the upper and lower hemispheres, and arise from different
material properties of the two hemispheres; the factor sin 6
is due to the spherical geometry. More intricate dependen-
cies may arise from the particle’s material properties [30]
or from its activity [31].

Expanding the step function in Eq. (1) in terms of
Legendre polynomials P, (cos#), one has

vs(0) = sinf i PP (cosb). (2)
n=0

The even coefficients vanish except for the first one, pg =
%(ul + ug), whereas the odd ones are finite, p; = %(ul —
uz), p3 = — & (u1 — uz),... The first two terms of this series
correspond to the standard squirmer model,

vs(0) = guo sinf(1 + S cosb), (3)

where uy = %po is the unperturbed bulk swimming speed
and 8 = pi1/po is the squirming parameter, which can
be used to distinguish between 8 > 0 pullers and 8 < 0
pushers. The parameters between the Janus particle and
squirmer models are related through

o 3U1_U2
2uy +up’

U1 + uo

2, 8

Ug =

(4)

implying u1,2 = uo(3 £ 3).

We use lattice Boltzmann method (LBM) to simulate
the squirmers. In the LBM a no-slip boundary condition
at solid-fluid interface can be realised by using a bounce
back on links method [32,33]. When considering a mobile
particle, the bounce back on links needs to be modified to
take into account the rotational and translational motion
of the particle surface. In order to simulate the squirming
motion, the boundary condition at the particle surface is
modified to include the surface slip flow [5,6]. To model
the active Janus particle we use the slip velocity given
by eq. (1) while for squirmer standard slip flow given by
eq. (3) is used.

To stop the particles to penetrate the wall, we employ
a short range repulsive potential
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Fig. 2.

to ensure that the potential and resulting force go smoothly
to zero at the interaction range d. = 1.2 in simulation
units (SU) corresponding to repulsion range of ~ 0.15R.
The € = 0.06 and 0 = 1.0 are constant in the reduced units
of energy and length, respectively. The v = 12 controls the
steepness of the repulsion.

We carried out our simulations in a rectangular sim-
ulation box with the size of 96 x 96 x 96, with a no-slip
wall at z = 0.5 and z = 96.5 and periodic boundary con-
ditions along = and y (for a schematic see Fig 1) . Unless
otherwise mentioned, we carried out the simulations us-
ing a particle with radius R = 8SU. We used a kinematic
viscosity n = 1/6SU and fixed the unperturbed bulk swim-
ming speed uy = 1073SU, but considered a large range of
the squirming parameter 8 € [—16,16]. We control our
system in a Stokes regime by the small Reynolds number
(Re) giving the ratio of inertial and viscous forces. Using
the parameters above, we find Re = uoR/n =~ 0.05.

3 Results
3.1 Flow field around a single particle in the bulk

To model the active Janus particle, we consider a sur-
face slip velocity with two mobilities on the opposite sides
of the particle as given by the equation (1), while the
squirmer boundary conditions are given by the equation
(3). In Fig. 2 we compare both the surface slip velocity

///4, \”h c\&\\
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i
//ﬂ, \\N}\\g

%// TT&\\&\\\
= e
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) The surface velocity of an active Janus particle (green line) and a squirmer swimmer (red line) for five values of g
correspondmg to a pusher (8 = —5,8 = —1.5), neutral (8 = 0) and puller (8 =1.5,8=25). (B) The correspondmg simulated
flow fields in the bulk (lab frame): Active Janus particle (top row) and a standard squirmer (bottom row). The particle swimming
direction is vertically up the page.

v5(0) and the bulk flow in lab frame, between active Janus
particles and standard squirmer model, for five values of
B corresponding to the pusher (8 = —5, § = —1.5), neu-
tral (8 = 0) and puller (8 = +1.5, f = +5) swimmers.
The key difference between the two types of the swimmers
is the discontinuity of v,(#) for a Janus swimmer (green
line in Fig.2(A)) while for a squirmer v4(6) varies contin-
uously (red line in Fig.2(A)). This is clearly visible for the
graphs for a strong 5 = —5 pusher and § = +5 puller
(Fig. 2(A)). These correspond to the ratio of the mobil-
ities uy /ue = —13/7 and wu;/us = 7/13 for B = 45 and
B = —b, respectively. The 8 = £1.5 corresponds to the
special case where u; = 0 (ug = 0) for 8 = —1.5 pusher
(8 = +1.5 puller) as shown in Fig. 2(A). For § = 0 neutral
swimmer the requirement is u; = uso, thus the two models
have an identical surface slip velocity v,s(#) (middle panel
in Fig. 2(A)).

Despite the large differences between the surface flow
of these two models (as shown in Fig. 2(A)) the topol-
ogy of the bulk flow away from the particle surface is re-
markably similar between the two models. This is clearly
apparent from the visualisation of the streamlines for the
Janus (squirmer) swimmer as shown in top (bottom) of
Fig. 2(B). These correspond to the surface slip-velocities
as presented in Fig. 2(A) for a pusher (8 = =5, 8 = —1.5),
neutral (f = 0) and a puller (8 = +1.5, § = +5). Thus
in far-field these two models should have almost identical
behaviour. However, for the dynamics near a no-slip wall,
the near-field lubrication effects can become very impor-
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Fig. 3. Squirmer swimming modes (A-G): Seven different swimming modes (A-G) observed for the standard squirmer for
B € [—16,416] near a no-slip surface. The shortest distance between the particle surface and the wall d(t) (top row), the angle
¢(t) between the swimmer orientation and the wall (2nd row) as well as the magnitude of the swimming velocity u(t)/uo (3rd
row), are used to define an approximate state diagram (bottom), giving the approximate boundaries between the swimming
modes: (A) strong attraction, (B) periodic swimming, (C) no trapping, (D) decaying cyclic swimming, (E) periodic swimming,
(F) decaying periodic swimming and (G) strong attraction. See text for more details. (The shading in the plots of d(t) (top

row) corresponds to the range of the external soft repulsion.)
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Fig. 4. To test the grid convergence we plot the distance
d(t)/R for four resolutions (R = 6,8,12 and 16), for the swim-
ming mode F in Fig. 3, 8 = +8.

tant [8,10]. Thus the differences on the surface slip ve-
locity between these two models, could lead to a different
dynamics near a boundary. In what follows the hydrody-
namic interaction between these two models and a no-slip
wall is analysed via lattice Boltzmann simulations.

3.2 Different swimming modes near the surface

To study the dynamics of a squirmer and an active Janus
particle near a no-slip surface we place the particle ini-
tially in the X-Z plane with ¢ = —45° and d = 3R/8. To
quantify the dynamic state of the swimmers, during the
course of the simulation, we measure the shortest distance
between the particle surface and the wall d, and the angle
¢ between the swimmer director and the wall (see Fig. 1
for a schematic of the set-up). We consider both stan-
dard squirmer modeled by a surface slip velocity given
by eq. 3 and Janus swimmer which has two independent
surface flow mobilities, leading to a discontinuous surface
flow (eq. 1). We map out the approximate phase diagrams
for standard squirmer and a Janus swimmer near a sur-
face. In both cases seven distinct swimming modes are
observed for both the standard squirmer (A-G; Fig. 3)
and the Janus swimmer (I-VII; Fig. 5).

We start by considering the standard squirmer model
(eq. 3). We explore the 8 values from -16 to 16. In Fig. 3,
the time evolution of the distance between the wall and the
particle surface d, the angle between the particle direction
and wall ¢ and the absolute velocity of the particle u are
plotted. We observe seven distinct swimming modes, when
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Fig. 5. Active Janus particle swimming modes (I-VII): Seven different swimming modes (I-VII) observed for the active Janus
particles for 8 € [—9,+9] near a no-slip surface. The shortest distance between the particle surface and the wall d(¢) (top row),
the angle ¢(t) between the swimmer orientation and the wall (2nd row) as well as the magnitude of the swimming velocity
u(t)/uo (3rd row), are used to define an approximate state diagram (bottom), giving the approximate boundaries between the
swimming modes: (I) strong attraction, (II) periodic swimming, (III) stable swimming near the surface, (IV) periodic swimming,
(V) no trapping, (VI) stable swimming near the surface and (VI) strong attraction. See text for more details. (The shading in

the plots of d(t) (top row) corresponds to the range of the external soft repulsion.)

[ is varied: After an initial re-orientation, strong pushers
B < —9.3 swim near the surface while leaning to the ex-
ternal soft repulsion (d < 0.15R; shaded region in the top
row in Fig. 3; mode A). The particle moves in a steady
state with a constant d, ¢ and u. The swimmer direction
remains oriented away from the wall ~ ¢ € [23°,30°], with
 increasing with 5. For —9.3 < 8 < —4.2, the particle un-
dergoes a periodic motion, where it escapes slightly from
the wall and returns to the repulsion range due to the re-
orientation by hydrodynamic torques (mode B). This is in
agreement with previous observations of 8 = —5 pusher
near a no-slip wall with an additional repulsion at the
surface [10]. The periodic oscillation in d, ¢ and u show
an increase in the period and amplitude with increasing
B (2nd column in Fig. 3) However the average value of
o and u decrease with increasing 3, while averaged d in-
creases. For —4.2 < § < 3.0 we observe no trapping by
the surface (mode C in the Fig. 3). After an initial interac-
tion and re-orientation, the particle escapes from the wall.
This agrees well with the more precise theoretical calcu-
lations of a spherical squirmer near no-slip boundary [7],
where no stable fixed points in d, ¢ space were found for
B ~ [—3, +4] range.

In the moderately strong puller regime 3.0 < 8 < 6.2,
the particle is again trapped by the wall, with a decaying
cyclic motion (mode D in Fig. 3). In a steady state the par-
ticle swims parallel to the surface with a constant d and ¢,
while pointing towards the wall, ¢ < 0 (D in Fig. 3). This
observation is in agreement with previous simulations [9,
10] and theoretical calculations [7]. In this mode, the d and
@ are observed to decrease when 3 increases. For 8 = 45,
we observe a steady state d &~ 0.22R (light red line in top
row Fig. 3D) which is in excellent agreement with theo-
retical calculations by Ishimoto and Gaffney [7], as well as
previous simulations [10]. The excellent agreement with
our simulations and theoretical calculations [7] which do
not suffer from resolution issues, implies that our resolu-
tion is enough to describe the hydrodynamics correctly. To
further evaluate the convergence, we vary the particle size
as R =6, 8, 12 and 16 and redo the simulations for the
case of F' in Fig. 3 with the swimming parameter § = 8.
The initial conditions are set to ¢ = —30° and d = 5R/32.
In Fig. 4, we show d(t) for different resolutions of the sim-
ulation. The results show a good convergence.

When the g is increased (6.2 < § < 7.6; mode E in
Fig. 3), the particle undergoes a sustained cyclic motion.
Compared to the mode D, both the amplitude and period
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tions. (A) Tests of mode G in Fig. 3, = 12. (B) Tests of
mode [ in Fig. 5, 8 = —6.

are decreased. Further increasing the squirming parameter
(7.6 < B < 8.8), a re-entrant behaviour of the decaying
cyclic motion is observed (mode F in Fig. 3). It should
be noted, that in all the cases where the cyclic motion is
observed (D, E and F), in the steady state the swimmers
do not interact with the external repulsion at the wall, i.e.
d(t) > 0.15R (shaded region in the top row of Fig. 3). Thus
all the particle-wall interactions are purely hydrodynamic.
This is opposite for very strong pullers (mode G) 8 >
8.8. Here the particle swims along the boundary, while
continuously leaning on the external repulsions d < 0.15R
(G in Fig. 3. This is similar to what was observed to strong
pushers, but for pullers d decreases with 3, as oppose to
increasing d with § as seen for very strong pushers (mode
A in Fig. 3.)

Next we turn to the active Janus particle, where the
two hemispheres have different mobilities leading to dis-
continuous slip velocity at the particle surface (eq. 1 and
Fig. 2(A)). In Fig. 5, we explore the § values from -9 to 9
for the Janus swimmer. Similarly to the standard squirm-
ers, we observe seven different swimming modes (I-VII):
(I) B < —4.7, corresponding to the mode A for a strong
pusher squirmer. The particle moves along the wall, while
leaning on the soft external repulsion. Decreasing the mag-
nitude of the S the particle undergoes a cyclic swimming
motion, escaping slightly from the wall and then returning
to the repulsion regime due to the re-orientation by the
hydrodynamic torques (mode II for —4.7 < 8 < —3.7).
This is similar with the mode B observed with squirmers.

For Janus pushers with —3.7 < 8 < —2.8 we ob-
serve a steady swimming near the boundary (mode III
in Fig. 5). Here, in a steady state the particle points
away from the wall ¢ > 0 in agreement with the squirmer

pushers. However for the Janus particle we observe that
in the steady state the particle swims outside the repul-
sion range i.e. d(t) > 0.15R (Fig. 5; mode III), suggest-
ing that there exists a stable fixed point in the (d,p)
space. This is markedly different from squirmers, where
the steady state dynamics for pushers only observed to
undergo a cyclic motion or lean to the external repulsion.
For —2.8 < 8 < —2.4, we observe a re-entrant behaviour of
the periodic dynamics similar to mode II, but with larger
amplitude and longer period (mode IV).

Similarly to squirmers, we observe no trapping of the
Janus swimmers by the wall for small values of |3|, as
shown in Fig. 5(V). Notably the unstable region is reduced
for the Janus swimmers —2.4 < 8 < 1.9, when compared
to standard squirmers —4.2 < 8 < 3.0 (modes C and V
in Fig. 3 and Fig. 5 for Squirmer and Janus swimmers,
respectively).

For Janus pullers (8 > 0) we observe two stable swim-
ming modes: (VI) 1.9 < 8 < 4.9, the particle is trapped by
the no-slip surface with a well defined steady state d be-
yond the external repulsion and pointing towards the wall,
¢ < 0 in agreement with squirmers. Finally strong pullers
(VII) B > 4.9, are strongly trapped by the surface and in
steady state they lean on the repulsion, while retaining the
orientation towards the wall, similarly to strong squirmer
pullers.

For rod-like swimmers, the initial conditions in d, ¢
space has been shown to play a role on the final ob-
served steady state [34,35]. In order to test our results
against different initial conditions, we carried out further
simulations with dg = 0.375R, 0.75R, 1.125R, 1.5R and
wo = —15°, —30°, —45°, —60°, — 75° in the strong
trapping regions (G in Fig.3 with 8 = 12 and I in Fig. 5
with 8 = —6, for a standard squirmer and for a Janus
swimmer, respectively). The results are shown in Fig. 6,
we see that the early time evolution is affected by different
initial angle and distance while the steady state swimming
modes remains the same.

3.3 Comparison between Janus swimmers and
squirmers

To allow more detailed comparison we plot in Fig. 7, the
steady state gap-size d, angle ¢ and velocity u as the func-
tion of B for both the standard squirmer and the active
Janus particle when they move close to the wall. In gen-
eral, the squirmer and Janus swimmer show similar trends
for all the observables d, ¢ and u over the § range con-
sidered (Fig 7). The distance d increases when decreasing
|6]. The largest oscillations (error bars in Fig. 7(A)) are
observed near the boundaries between the trapping at the
wall and no trapping (dashed lines and dotted lines in
Fig. 7(A)). The biggest difference between the standard
squirmer and active Janus particle, is the shift of the wall
trapping for smaller absolute values of 3, as can be seen
both from the state diagrams (bottom panels in Fig. 3
and Fig. 5 for squirmers and active Janus particles, re-
spectively). The Squirmers show no trapping at the wall
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Fig. 7. Time averaged simulation results observed for active particles (radius R) for a steady state swimming near a no-slip
surface. (A) shortest distance d/R between the particle surface and the wall, (B) the angle ¢ between the swimmer director
and the wall and (C) normalised swimming speed u/ug as a function of 3, for standard squirmers (open circles) and Janus
swimmers (open squares). The error bars give the amplitude of the oscillations. (The vertical dotted (dashed) lines gives the
boundaries of the observed trapping at surface for squirmer (Janus) swimmers.)

for 8 € [—4.2,+43.0], while for Janus swimmers the unsta-
ble region is reduced to 8 € [—2.4,+1.9].

The observed behaviour of the steady state angles ¢,
further strengthens the observation of the similar behaviour
between the two types of swimmers (Fig. 7(B)). Both,

squirmer and Janus swimmers, show the expected behaviour

pushers swimming pointing on average away from the wall
while pullers swim in the steady state pointing towards
the wall, in agreement with previous simulations and the-
ory [6,9,10,7]. As (8 increases beyond the mode A (Fig. 3;
squirmer) and I (Fig. 5; Janus) regimes, the ¢ decreases
until the swimmer escapes from the wall (5 ~ —4.2 and
B ~ —2.4 for squirmer and Janus swimmers, respectively).
When the particle escapes the surface, the value of ¢ corre-
sponds to the reflection angle (regions between two dotted
lines (squirmer) or two dashed lines (Janus) in Fig. 7(A)).
The escape angle increases with § for a pushers and de-
creases with § for a pullers. The maximum reflection angle
is observed with a neutral (8 = 0) as seen from Fig. 7(B).
A puller trapped at the surface show a monotonic decrease
of ¢ when S is increased.

Finally we turn to the swimming speed u of the par-
ticles near the surface (third row in Fig. 3 and Fig. 5 as
well as Fig. 7(C)). In all the cases where the swimmers
are trapped near the surface, an increase of the swimming
velocity uw as compared to the free bulk swimming speed
ug is observed. This can be up to u/ug ~ 2.5 for high
|B] values, as seen from Fig. 7(C). The trends between
standard squirmer and Janus swimmers are very similar
(circles and squares in Fig. 7, respectively): a linear in-
crease of u/ug is observed when the absolute value of the
squirming parameter |3| is increased. When the particle
escapes the wall, u/ug = 1 is recovered as required.

The swimming speed of a particle in the bulk is given
by the surface average of the slip velocity [36]. A more
complex situation occurs for a particle close to a solid sur-
face, since the area near the point of minimum distance
plays an important role. Then the speed can be estimated
by considering separately the hydrodynamic drag on the
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Fig. 8. The surface velocity vs = vs(Ocontact) on the par-
ticle surface at the point closest to the wall as a function
of the squirming parameter (. vs(Qcontact) is calculated using
egs. (1) and (3) with Ocontact (8) = ©(B) + 7/2, where ¢(8) is
from Fig. 7(C).

lubrication area and on the remainder of the particle sur-
face. The latter contribution is well approximated by

Fy = 6mnR(u) — u) (7)
where v is the particle velocity corresponding to the far-
field, u the unknown actual speed, and Fj the Stokes drag
resulting from their difference. The lubrication area con-
tributes an additional force

Fr = M6mnR(vs — u), (8)
which is proportional to the difference between swimming
speed and the slip velocity at minimum distance, vs(fcontact )-
The prefactor A = Ao+ A1 In(R/d) consists of a small con-

stant and a logarithmic correction which arises from sin-
gular perturbation schemes in lubrication problems [37].
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Since there is no net external force, F, + F; = 0, one
obtains the particle velocity

oy + Avg

L+ A ®)

The orientational angle ¢ can in principle determined from
a similar relation for the torques T, + 17 = 0.

The contribution from the far-field hydrodynamics v,
can be estimated in the presence of a no-slip surface as
u) ~ —Bsin(2p) [38,39,10]. In the steady state ¢ < 0
(p > 0) for B > 0 puller (8 < 0 pusher) (Fig. 7(C)),
thus one arrives to a linear relation uj ~ |3|. The surface
slip velocity at contact us includes the contribution both
from the steady state swimming angle ¢ (Fig. 7(B)) and
the surface flows (equations (1) and (3) for the surface
slip velocity of the Janus particle and squirmer, respec-
tively). Using the angle data from Fig. 7(B) and iden-
tifying that the angle between the swimmers direction
and point on the particle surface closest to the wall is
given by Ocontact(8) = ©(8) + 7/2 one can calculate the
vs(B8) = u(Bcontact) using eq. (1) and (3). In Fig. 8 v is
shown for the 8 values where a trapping of the swimmers
at the surface was observed. Comparing the vs and the
observed swimming speed v (Fig. 8 and Fig. 7(C)) one
can see that vg >> u, implying that A << 1 in the equa-
tion (9). Interestingly both vs and u show a linear scaling
vs,u ~ |B], for both the Janus swimmers and squirmers
(Fig. 8 and Fig. 7(C)).

4 Conclusions

In this work we have studied the hydrodynamics of an
active spherical particle near a no-slip surface. We have
developed a model for an active Janus particle. This cor-
responds to experimental situation where artificial micro-
swimmers can be realised by chemically or thermally driven
Janus particles. Typically they consists of colloidal spheres
with active cap covering half of their surface. The particle
motion results from a finite slip velocity, which takes dif-
ferent values on the two hemispheres due to the different
material properties. This renders the slip velocity discon-
tinuous at the particle’s equator. We provide a straight for-
ward mapping between the active Janus particle to stan-
dard squirmer model, and study the hydrodynamics of
these two models via lattice Boltzmann (LB) simulations.
Our results show that the far-field hydrodynamics between
these two models are very similar, despite that the sur-
face slip velocities (and thus near-field) differ. In order to
study the near-field effects, we carried simulations probing
the hydrodynamic interactions of the active particle near
a no-slip surface. Generally the two models behave sim-
ilarly over large range of the squirming parameter §. In
both cases we could identify 6 distinct swimming modes
of the particles trapped by the boundary. Some key dif-
ferences arise as well. Notably, at low || we observe that
the affinity of the particle to be trapped by the surface is
increased for the Janus swimmers, when compared to the
standard squirmer model. Finally we find that when the

particles are trapped by the wall, their swimming speed
is increased as compared to bulk, as has been seen for ex-
ample in experiments of colloidal swimmers trapped at a
fluid interface [20]. Interestingly our simulation data im-
plies a linear relation between the swimming speed and
the magnitude of the squirming parameter u ~ |3|, for
both active Janus particles and squirmers trapped at the
boundary.
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