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The hydrodynamic flow field generated by self-propelled active particles and swimming microor-
ganisms is strongly altered by the presence of nearby boundaries in a viscous flow. Using a simple
model three-linked sphere swimmer, we show that the swimming trajectories near a no-slip wall
reveal various scenarios of motion depending on the initial orientation and the distance separating
the swimmer from the wall. We find that the swimmer can either be trapped by the wall, completely
escape, or perform an oscillatory gliding motion at a constant mean height above the wall. Using
a far-field approximation, we find that, at leading order, the wall-induced correction has a source-
dipolar or quadrupolar flow structure where the translational and angular velocities of the swimmer
decay as inverse third and fourth powers with distance from the wall, respectively. The resulting
equations of motion for the trajectories and the relevant order parameters fully characterize the tran-
sition between the states and allow for an accurate description of the swimming behavior near a
wall. We demonstrate that the transition between the trapping and oscillatory gliding states is first
order discontinuous, whereas the transition between the trapping and escaping states is continuous,
characterized by non-trivial scaling exponents of the order parameters. In order to model the circular
motion of flagellated bacteria near solid interfaces, we further assume that the spheres can undergo
rotational motion around the swimming axis. We show that the general three-dimensional motion can
be mapped onto a quasi-two-dimensional representational model by an appropriate redefinition of the
order parameters governing the transition between the swimming states. Published by AIP Publishing.
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. INTRODUCTION

Swimming microorganisms use a variety of strategies
to achieve propulsion or stir the suspending fluid.! To cir-
cumvent the constraint of time reversibility of the Stokes
equation governing the small-scale motion of a viscous fluid,
known as Purcell’s scallop theorem,” many of them rely on
the non-reciprocal motion of their bodies. To understand the
nature of this process, a number of artificial designs have
been proposed to construct and fabricate model swimmers
capable of propelling themselves in a viscous fluid by inter-
nal actuation. Among these, a particular class is simplis-
tic systems with only few degrees of freedom necessary to
break kinematic reversibility, as opposed to continuous irre-
versible deformations or chemically powered locomotion.>
A famous example of such a design is the swimmer of Najafi
and Golestanian® encompassing three aligned spheres; their
distances vary in time periodically with phase differences,
thus leading to locomotion along straight trajectories.!%!3
This system has been also realized experimentally using opti-
cal tweezers.'*!> Notably, a number of similar designs have
been proposed: with one of the arms being passive and
elastic,'® both arms being muscle-like!” or using a
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bead-spring swimmer model.'®2° Variations of this idea lead-
ing to rotational motion have been proposed: a circle swimmer
in the form of three spheres joined by two links crossing at
an angle,”! linked like spokes on a wheel,”> or connected in
an equilateral triangular fashion.”®> An extension to a collec-
tion of N > 3 spheres has also been considered.?* Further
investigations include the effect of fluid viscoelasticity,>>~!
swimming near a fluid interface’?-3* or inside a channel,?>—°
and the hydrodynamic interactions between two neighboring
microswimmers near a wall.*’ Intriguing collective behavior
and spatiotemporal patterns may arise from the interaction
of many swimmers, including the onset of propagating den-
sity waves*'™® and laning,**? the motility-induced phase
separation,’>>’ and the emergence of active turbulence. 8-
Boundaries have also been shown to induce order in collective
flows of bacterial suspensions,®>¢7 leading to potential appli-
cations in autonomous microfluidic systems.%® A step towards
understanding these collective phenomena is to explore the
dynamics of a single model swimmer interacting with a
boundary.

The long-range nature of hydrodynamic interactions in
low Reynolds number flows results in geometrical confine-
ment significantly influencing the dynamics of suspended par-
ticles or organisms.®” Interfacial effects govern the design
of microfluidic systems,’®’ they hinder translational and
rotational diffusion of colloidal particles’>®! and play an
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important role in living systems, where walls have been shown
to qualitatively modify the trajectories of swimming E. coli
bacteria®”%7 or microalgae.®®%° Simplistic two-sphere near-
wall models of bacterial motion have revealed that the dynam-
ics of a bead swimmer can be surprisingly rich, including
circular motion in contact with the wall, swimming away from
the wall, and a non-trivial steady circulation at a finite distance
from the interface.’® This diverse phase behavior has also been
corroborated in systems of chemically powered autophoretic
particles,”! 8 leading to a phase diagram also includes trap-
ping, escape, and a steady hovering state. Swimming near a
boundary has been addressed using a two-dimensional singu-
larity model combined with a complex variable approach,”
a resistive force theory,!”’ and a multipole expansion tech-
nique.'®! It has further been demonstrated that geometric
confinement can conveniently be utilized to steer active col-
loids along arbitrary trajectories.'”? The detention times of
microswimmers trapped at solid surfaces have been studied
theoretically, elucidating the interplay between hydrodynamic
interactions and rotational noise.!%® Trapping in more com-
plex geometries has particularly been analyzed in the context
of collisions of swimming microorganisms with large spher-
ical obstacles!%*!% and scattering on colloidal particles.'%
The generic underlying mechanism is thought to play a role
in a number of biological processes, such as the formation of
biofilms.'7-108

In order to analyze the dynamics of a neutral three-sphere
model swimmer near a no-slip wall, Zargar et al.'%’ calculated
the phase diagram, finding that the swimmer always orients
itself parallel to the wall. In their calculation, they expand the
hydrodynamic forces in the small parameter € = L/z, where
L is the length of the swimmer and z is the wall-swimmer
distance, arriving at the conclusion that the dominant term is
proportional to z72. In this contribution, we revisit this prob-
lem and demonstrate that the dominant term in the swimming
velocities scales rather as z=. This allows us to calculate the
full phase diagram that shares qualitative features seen in the
aforementioned artificial microswimmers, that is, steady glid-
ing, trapping, and escaping trajectories, based on the initial
conditions of the swimmer.

The paper is organized as follows. In Sec. II, we intro-
duce a theoretical model for the swimmer and derive the
governing equations of motion in the low-Reynolds-number
regime. We then present in Sec. III a state diagram of swim-
ming near a hard wall and introduce suitable order parameters
governing the transitions between the states. In Sec. IV, we
present a far-field theory that describes the swimming dynam-
ics in the limit far away from the wall. We then discuss in
Sec. V the effect of the rotation of the spheres on the swim-
ming trajectories and show that the general 3D motion can be
mapped onto a 2D generic model by properly redefining the
order parameters. Finally, concluding remarks are contained in
Sec. VL.

Il. THEORETICAL MODEL
A. Stokes hydrodynamics

We consider the (sufficiently slow) motion of a swim-
mer moving in the vicinity of an infinitely extended planar
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hard wall. Since systems of biological or microfluidic rele-
vance are typically micrometer-sized, the Reynolds number is
low, and the dynamics are dominated by viscosity. For small
amplitude and frequency of motion, the fluid flow surround-
ing the swimmer is governed by the steady incompressible
Stokes equations,'!? which for a point force acting on the
fluid at position ry relate the velocity v and pressure field,

p, by

nV2u(r) — Vp(r) + F6(r —ry) = 0, (1)
V-o(r) =0, )

where 17 denotes the dynamic viscosity of the fluid.

In an unbounded fluid, the solution of this set of equa-
tions for the velocity field is expressed in terms of Green’s
function

Va(r) = gwﬁ(r’ rO)Fﬁ’ 3

for a, B € {x, y, z}, referred to as the Oseen tensor, and given
by

6aﬁ SaSp ) (4)

1
Qgﬁ(r,ro) = % (T 3
where summation over repeated indices is assumed following
Einstein’s convention. Moreover s := r — rg and s := Isl. The
flow due to a point force, called a Stokeslet, decays with the
distance like 1/s.

The solution of the forced Stokes equations in the pres-
ence of an infinitely extended hard wall can conveniently be
determined using the image solution technique''" and contains
Stokeslets and higher-order flow singularities—force dipoles
and source dipoles. The corresponding Green’s function sat-
isfying the no-slip boundary conditions at the wall is given in
terms of the Blake tensor and can be presented as a sum of
four contributions! %111

G(r) = G°s) - G°(R) +225G°(R) - 220G°°(R),  (5)

wherein rg = (0, 0, zg) is the point force position, R :=r — ry
withry = (0, 0, —zp) is the position of the Stokeslet image with
respect to the wall. Moreover, r := Irl and R := |RI|. Here GPis
the force dipole given by

5 (1 -26p,) (6ap  3RaRp
R=——-——], 6
Gop®) = —5= 5= |G ~ ©)
and G5P denotes the source dipole given by
SD (1 - 2651) ((5QBRZ 6(YZR[3
R) = -
Gap®) 8nn R3 R3
0p:Re  3RoRgR;
R ) )

The translational and rotational motion of the particles is
related to the forces F and torques L acting upon them via the
hydrodynamic mobility tensor. In the presence of a background
flow with velocity vg and vorticity 2wy, this relation takes the

form
(V -0y ) B (”tt [ltr F (8)
Q_w() - yrt”rr L
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The indices indicate the translational (tr), rotational (rr),
and translation-rotation coupling (¢r, rt) parts of the mobil-
ity tensor. The mobility tensor contains contributions relative
to a single particle (self-mobilities), in addition to contri-
butions due to interactions between the particles (hereafter
approximated by pair mobilities). Owing to the linearity of
the Stokes equations and the reciprocal theorem, the hydro-
dynamic mobility tensor is always symmetric and positive
definite,!12-114

B. Swimmer model

In low-Reynolds-number hydrodynamics, swimming
objects have to undergo non-reciprocal motion in order to
achieve propulsion. In the present work, we use a simple
model swimmer, originally proposed by Najafi and Golesta-
nian,” which is made of three aligned spheres. The spheres
are connected by rod-like elements of negligible hydrody-
namic effects in order to ensure their alignment. This system
is capable of swimming forward when the mutual distances
between the spheres are varied periodically in such a way that
the time-reversal symmetry is broken (see Fig. 1 for an illus-
tration of the linear swimmer model). In the present article,
we focus our attention on the behavior of a neutral swimmer
for which the three spheres have equal size. The behavior of a
general three-sphere microswimmer with different sphere radii

a) 4z
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N
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Side view

Top view

FIG. 1. (a) The frame of reference associated with a neutral three-linked
sphere low-Reynolds-number microswimmer, relative to the laboratory frame.
The swimmer is oriented along the unit vector  defined by the azimuthal angle
¢ and polar angle 8. The spheres are connected to each other by dragless rods
where the instantaneous distances between the spheres 2 and 3 relative to the
sphere 1 are denoted g and #, respectively. The side and top views are shown
in the subfigures (b) and (c), respectively, where | stands for the projection
of orientation vector 7 on the plane z = 0. Here ¢ := 6 — n/2.
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to discriminate between pushers and pullers will be reported
elsewhere.!

1. Mathematical formulation

Assuming that the fluid surrounding the swimmer is at
rest, the translational velocity of each sphere relative to the
laboratory (LAB) frame of reference is related to the internal
forces F 4 and torques L ; via the hydrodynamic mobility tensor
as [c.f. Eq. (8)]

dr, 3
Vy= 5= (i Favpy - La). ©)
A=1
fory € {1,2,3}. These internal forces and torques can be actu-
ated, e.g., by imaginary motors embedded between the spheres
along the swimmer axis. Analogously, the angular velocity of
each sphere with respect to the LAB frame is

3
Q, = > (- Fa+pl - La). (10)
=1

We note that u;’ = ,uf{y as required by the symmetry of the
mobility tensor.

Since the swimmer has to undergo autonomous motion,
its body has to be both force-free and torque-free in total.
Accordingly,

iF,[ :O,
A=1

where X denotes the cross product. The moments of the internal
forces can be taken with respect to any reference point, rg, that
we chose here for convenience as the position of the central
sphere.

We now assume that the instantaneous relative distance
vectors between the spheres are prescribed at each time
as

3
(ra—rR)XFa+Ly) =0, (1D
=

r—r3= ]’l(l‘)i, (12a)

r—r =gt (12b)

where 7 is the unit vector pointing along the swimming direc-
tion such that # = sinfcos¢é, + sinfsingeé, + cosde,
(c.f. Fig. 1). Here ¢ and 6 stand for the azimuthal and
polar angles, respectively, in the spherical coordinate sys-
tem associated with the swimmer. We further define the
unit vectors @ = cos ¢ cos 6 &, + sin ¢ cos fé, —sinfé; and
é = —singe, + cos ¢ &,. We note that the set of vectors
@, 0 s ¢9A) forms a direct orthonormal basis satisfying the relation
6 x ¢ = 1. Throughout this work, we assume that the lengths
of the rods change periodically in time relative to a mean
value L,

g(t) = L + ujpcos(wt),
h(t) = L + upyg cos(wt + 9),

(13a)
(13b)

where w is the frequency of motion, 6 € [0, 2r) is the phase
shift, and u;¢ and uy( are the amplitudes of the length change
such that lujol < L and luyl < L. For § ¢ {0, n} and non-
vanishing u¢ and uy, this constitutes a non-reciprocal motion,
which—as noted before—is needed for self-propulsion at low
Reynolds numbers.
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By combining Eqs. (9), providing the instantaneous

velocities of the spheres with Eq. (12), we readily
obtain
3 n
1t tr _ .2 dr
Z(GA~F,1+G/I-L,,)—gt+ga, (14a)
A=1
3 -
1t tr LG dt
Z(H/I-F,1+H/I-L,,)=ht+hd—, (14b)
A=1 t
where, for convenience, we have defined the tensors
G = 3y — miy (152)
HY = ) - ), (15b)

with @B € {#, wr, rt, rr}. The time derivative of
the unit orientation vector 7 relative to the LAB frame
is

A

g:ééwsmeé. (16)
dr

In order to model the circular trajectories observed in
swimming bacteria near surfaces, we further assume that the
spheres can freely rotate around the swimming axis at rotation
rates ¢,. The frame of reference associated with the swim-
mer can be obtained by Euler transformations,'!® consisting
of three successive rotations. Accordingly, the Euler angles,
¢, 6, and ¢, represent the precession, nutation, and intrinsic
rotation along the swimming axis, respectively. The angu-
lar velocity vector of a sphere y relative to the LAB frame
reads

Q, = —¢sin0f+0¢+(dcost+¢,)i. (17)

The dynamics of the swimmer are fully characterized by
the instantaneous velocity of the central sphere in addition to
the rotation rates # and ¢. For their calculation, we require the
knowledge of the internal forces and torques acting between
the spheres.

By projecting Eqgs. (14) onto the spherical coordinate basis
vectors and eliminating the rotation rates 6 and ¢, four scalar
equations are obtained. The force- and torque-free conditions
stated by Eq. (11) provide us with six additional equations.
Moreover, the projection of the angular velocities (17) along
the @ and ¢ directions yields

Q, - 6 = —¢sine,
Q4=
fory € {1, 2, 3}, providing six further equations. For a closure

of the system of equations, we prescribe the relative angular
velocities between the adjacent spheres as

Q1 -Q3) - F=¢1 —¢3
(@ -Q))-1=¢r—¢1 = w.

(18a)
(18b)

(19a)
(19b)

L w13,

The determination of the internal forces and torques acting
on each sphere is readily achievable by solving the resulting
linear system composed of 18 independent equations given
by (11), (14), (18), and (19), using the standard substitution
method. In the remainder of this paper, all the lengths will be
scaled by the mean length of the arms L and the times by the
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inverse frequency w~!. Finally, the swimming velocity can be
calculated as

3
Vi=Vi= ) (ul Fatply L) (20)
A=1
and the rotation rates as
1 3
é:z (HY-Fy+HY-Ly) -8, Q@D
A=1
1 3
¢=hsingz(Hf{~F,l+Hi{-L/1)-¢. (22)

A=1
The swimming trajectories can thus be determined by integrat-
ing Egs. (20)—(22) for a given set of initial conditions (ry, o,

®0).

2. Swimming in an unbounded domain

In an unbounded fluid domain, i.e., in the absence of
the wall, the swimmer undergoes purely translational motion
along its swimming axis without changing its orientation. In
order to proceed analytically, we assume that the radius of the
spheres a is much smaller than the arm lengths. The inter-
nal forces acting on the spheres averaged over one swimming
period are

2

a F]
4

11 o
F = (5 ' 751) mKl Fa=Fy=-TLo3)
wherein
K = <gl’l - hg) = —u1oU20 sin 5, (24)

and (-) denotes the time-averaging operator over one complete
swimming cycle, defined by
1 27

)=

=3 ), (-)dt. (25)

Clearly, no net swimming motion is achieved if § = 0 or 7.
Moreover, the swimming speed is maximal when ¢ = 7/2,
a value we consider in the subsequent analysis. The internal
torques exerted on the rotating spheres read

8

Li== a’ (w13 — w21, (26a)
8 X
L, = ?’T @ Quay + w131, (26b)
8 X
L;= —?"Lﬁ (wy1 +2w13)1. (26¢)

By making use of Eq. (20) and averaging over a swimming
cycle, the translational velocity up to the second order in a
reads

~

Vi=Voi, Vo= —2“—4(7+5a)1(, 27)

while 6 = 0 and ¢ = 0 so that the swimmer’s orientation
remains constant. Evidently, the averaged swimming speed
is a function of just the swimmer’s properties and does not
depend on the fluid viscosity.” The fluid viscosity would nev-
ertheless have to be accounted for to calculate the power
needed to perform the prescribed motions of the three spheres.
In the following, we will address the swimming behavior
near a hard wall and investigate the possible scenarios of
motion.
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lll. SWIMMING NEAR A WALL
A. State diagram

We now consider the swimming kinematics in the vicinity
of a hard wall and examine in details the resulting swimming
trajectories. For that aim, we solve numerically the linear sys-
tem of equations described in Sec. II to determine the internal
forces and torques acting between the spheres. The time-
dependent position and orientation of the swimmer are then
calculated by numerically integrating Eqgs. (20)—(22) using a
fourth-order Runge-Kutta scheme with adaptive time step-
ping.'"” For the particle hydrodynamic mobility functions,
we employ the values obtained using the multipole method
for Stokes flows.!'®!1% This method is widely used and has
the advantage of providing precise and accurate predictions
of the self-mobilities, which are reasonable even at distances
very close to the wall. The time-averaged positions and incli-
nations are determined numerically using the standard trape-
zoidal integration method. As the vertical position of one of
the spheres gets closer to the wall such that z ~ a, an addi-
tional soft repulsive force F', = k(z —a)™" is introduced, where
k = 1075IK| and n = 2 are taken as typical values. We have
checked that changing these values within moderate ranges
results in qualitatively similar outcomes. Moreover, we take a
=Uj0 =uUpp = 1/10.

We begin with the relatively simple situation in which the
spheres do not rotate around the swimming axis, so we take
w21 = w13 = 0. In this particular case, the problem becomes
two dimensional as the swimmer is constrained to move in the
plane defined by its initial azimuthal orientation ¢q. Without
loss of generality, we take ¢o = 0 for which the swimmer moves
in the (x, z) plane.

In Fig. 2, we show the swimming state diagram con-
structed in the (zo, ¥o) space, where ¢ := 6 — /2 defines the
angle relative to the horizontal direction. Hence, the swimmer
is initially pointing towards (away from) the wall for o > 0
(Yo < 0). We observe that three different possible scenarios of
motion emerge depending upon the initial distance from the
wall and orientation. The swimmer may be trapped by the wall,

ot

T T
Trapping o
Oscillatory gliding .
Escaping .
4F aaaanaaana ceooecocsceoe s -
....... e e EEERE]
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FIG. 2. State diagram illustrating the possible swimming scenarios in the
presence of a hard wall for the 2D motion, i.e., for wy; = w13 =0. The dashed
line corresponds to impermissible situations in which one of the spheres is in
contact with the wall. Here a = uo = upg = 1/10.
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totally escape from the wall, or undergo a nontrivial oscilla-
tory gliding motion. In the trapping state (shown as red circles
in Fig. 2), the swimmer moves towards the wall following
a parabolic-like trajectory to progressively align perpendicu-
lar to the wall as ¢ — /2. In the final stage, the swimmer
reaches a stable state and hovers at a constant height above
the wall. This behavior occurs for large initial inclinations
when ¢ > 0.3 and that regardless of the initial distance that
separates the swimmer from the wall. However, trapping can
also take place for o ~ O if the swimmer is initially located
far enough from the wall, at distances larger than zg = 1.5.
Notably, the swimmer is trapped by the wall if it is released
from distances zg < 0.25 with a vanishing initial inclination
Yo =0.

The escaping state (green triangles in Fig. 2) is observed
if the swimmer is directed away from the wall with ¥
< —0.5. Inthis state, the swimmer moves straight away from the
wall beyond a certain height at which the wall-induced hydro-
dynamic interactions die away completely. In the oscillatory
gliding state (blue rectangles in Fig. 2), the swimmer under-
goes a sinusoidal-like motion around a mean height above the
wall. This state occurs in a bounded region of initial states
when zg ~ 1 and g ~ 0.

In Fig. 3, we show the transition from the trapping to the
escaping states upon variation of the initial inclination for a
swimmer initially positioned a distance zo = 1 above the wall.
For initial inclinations ¢y > —0.39, the swimmer moves along a
curved path following a projectile-like trajectory before ending
up hovering at a steady height z ~ 1.12 above the wall. Accord-
ingly, the swimmer velocity normal to the wall vanishes and

a) 12 Yo =—0.30 — -
by = —0.
Yo =—0.35 -
o = —0.36 --- -
Yo = —0.37
8 Fpg=-038 —— .7 ]

Yo =—039 -~ .-

\
\
-/
50 100 150
x
b) ‘
i
i ]
|
i
i
w i ]
i
/
60 50 100 150
x

FIG. 3. Transition from the trapping to the escaping states upon variation of
the initial inclination angle ¢ while keeping the initial distance from the wall
constant at zg = 1. (a) shows the averaged swimming trajectories for the 2D
motion in the plane (x, z) and (b) shows the inclination angle ¢ as a function
of x.
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the inclination angle approaches the steady value correspond-
ing to ¢ ~ /2. Indeed, this final state is stable and is found to
be independent of the initial orientation of the swimmer with
respect to the wall. For ¢g = —0.39, the swimmer manages
to escape from the attraction of the wall and moves along a
straight line maintaining a constant orientation, i.e., just as it
would be the case in an unbounded fluid.

Figure 4 illustrates the swimming trajectories in the oscil-
latory gliding state for (a) ¢ = 0 and (b) ¥¢ = 0.2 and various
initial heights ranging from zo = 0.5 to 1.25. We observe that
the amplitude of oscillations is strongly dependent on zo and
eventually vanishes for o = 0 and zp =~ 0.75 giving rise to a
steady sliding motion at a constant velocity. The mean incli-
nation angle over one oscillation period amounts to zero and
thus the swimmer undergoes motion at a constant mean height
above the wall. We further note that the frequency of oscil-
lations has nothing to do with w which is several orders of
magnitude larger.

For future reference, we denote by u the magnitude of the
scaled swimming velocity parallel to the wall averaged over
one oscillation period, u := V/Vy where V| := (sz + Vyz) 2
and V) is the magnitude of the bulk swimming velocity given
by Eq. (27).

B. Transition between states

We now investigate the swimming behavior more quanti-
tatively and analyze the evolution of relevant order parameters
around the transition points between the states.

a)
N
0 L L
0 10 20 30
X
b 2
N

0 10 20 30

FIG. 4. Typical swimming trajectories in the oscillatory gliding state for dif-
ferent initial distances from the wall where (a) ¥¢ = 0 and (b) ¢ = 0.2. For
zo = 1.25 and ¢ = 0.2, the swimmer is trapped by the wall and thus the
trajectory has not been shown here. The swimmer inclination angle shows a
similar oscillatory behavior around a mean angle ¢ = 0.
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1. Transition between the trapping
and escaping states

In order to probe the transition between the trapping and
escaping states, we define an order parameter z;, I'as the inverse
of the peak height achieved by the swimmer before it is trapped
by the wall [c.f. Fig. 3(a)]. Additionally, we define a second
order parameter 6~ ! as the inverse of the distance along the
x direction at which the peak height occurs. Clearly, both zgl
and 6~! amount to zero for the escaping state and thus can
serve as relevant order parameters to characterize the transition
between the trapping and escaping states.

In Fig. 5, we present the evolution of the order param-
eters zp I and ¢! around the transition point between the
trapping and escaping states along three different horizontal
[subfigures (a)—(c)] and vertical [subfigures (d)—(f)] paths in
the state diagram presented in Fig. 2. We observe that the
inverse peak height z, ! exhibits a scaling behavior around the
transition points with an exponent of 1/3. Similar behavior
is displayed by the inverse peak position around the transi-
tion points with a scaling exponent of 5/6. We will show in
Sec. IV B that these scaling laws can indeed be predicted
theoretically by considering a simplified model based on the
far-field approximation. It can clearly be seen that even beyond
Y — o = 0.1 from the transition points, the scaling law is
still approximatively obeyed. Despite its simplicity, the pre-
sented far-field model leads to a good prediction of the scaling
behavior of these two order parameters around the transition
points.

2. Transition between the trapping
and oscillatory-gliding states

In the oscillatory-gliding state, the swimmer remains on
average at the same height above the wall such that V, = 0 and
translates at a constant velocity parallel to the wall. In order
to study the transition between the trapping and oscillatory-
gliding states, we utilize the scaled mean swimming velocity
parallel to the wall, averaged over one oscillation period as a
relevant order parameter, u = VX/ Vo, where again V| is the
magnitude of the swimming velocity in an unbounded fluid
domain. Additionally, we define a second order parameter A
as the amplitude of oscillations.

In Fig. 6, we present the evolution of the order parameters
pand A at the transition points between the oscillatory-gliding
and trapping states along three different horizontal paths in
the state diagram. The mean swimming velocity [Fig. 6(a)]
is found to be about 5% lower than the bulk velocity and is
weakly dependent on the initial orientation or distance from
the wall. In the trapping state, the swimmer points toward
the wall and remains at a constant height above the wall
to attain a stable hovering state. Therefore, in this situa-
tion, both of the two order parameters u and A vanish. The
transition from the oscillatory-gliding and trapping states is
thus first order, characterized by a discontinuity in the rel-
evant order parameters. We further remark that the ampli-
tudes of oscillations [Fig. 6(b)] reach a maximum value of
about 1.2 around the transition points between the oscillatory-
gliding and trapping states. Moreover, for ¢y = 0, the ampli-
tude of oscillations is minimal and eventually vanishes for
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70 =~ 0.75, leading to a pure gliding motion of vanishing ampli-
tude, parallel to the wall. Both order parameters are found to be
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FIG. 6. Evolution of the order parameters (b) u and (c) A versus the initial
inclination angle ¢ at the transition between the trapping and oscillatory
gliding states for various horizontal paths along the state diagram. (a) displays
a part of the state diagram shown in Fig. 2.

symmetric with respect to ¢ = 0, and thus (zg, ¥o) and
(zo, —¢o) represent identical dynamical states along these
considered paths.

In Sec. IV, we will present a far-field model for the near-
wall swimming and provide theoretical arguments for the scal-
ing behavior observed at the transition between the trapping
and escaping states.

IV. FAR-FIELD MODEL

In order to address the swimming behavior in the far-
field limit, we expand the averaged translational velocity and
rotation rate of the swimmer as power series in the ratio 1/z.
We further employ the far-field expressions of the hydrody-
namic mobility functions which can adequately be expressed
as power series in the ratio a/z. Up to the second order in @, and
by accounting for the leading order in 1/z only, the differential
equations governing the averaged dynamics of the swimmer
far away from the wall read

dx 7 3sin’y (12 — cos? l//)
- 4K L
a - COS‘”(24 " 6423
5 620 —453cos?y + 120 cos* ¢
— , (28
T (24 " 102423 )) (282)
dz 7 3 (8 — 16.cos? ¢ + cos* l//)
= — 4K si L
a ¢ Sln‘”(24 * 6473
5 158 —111cos®y +30cos* ¢
~ s 28b
+“(24Jr 25673 )) (250)
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d 9aK
d_f = _51a2z4 coszﬂ(56 —52cos®y + 11 cos* y

+‘5’ (68 — 31 cos? g +8cos* y) ) (28¢)

The wall-induced correction to the swimmer translational
velocities decays in the far field as z73, whereas its angular
velocity undergoes a decay as z~*. Therefore, the flow field
induced by a neutral three-linked sphere swimmer near a wall
resembles that of a microorganism whose flow field is modeled
as a force quadrupole or a source dipole.

We recall that the swimming trajectories resulting from
quadrupolar hydrodynamic interactions as derived from
Faxén’s law for a prolate ellipsoid of aspect ratio vy tilted
an angle ¢ and located a distance z above a rigid wall
read'?’

d.x o 2
i cosyr (VO + =] (27 cos“ Y — 20)), (29a)
dz . o 2
E:—51n¢//<V0+@(9cos ¢—2)), (29b)

d_¢ B 30 cosy ) 4
i _—32Z4 (8(F—1)+6(F+2)cos W — 3T cos Lp),
(29¢)

where Vy is the propulsion velocity in a bulk fluid, i.e.,
far away from boundaries and T = (y> — D/(y> + 1) is
the shape factor. In addition, o is the quadrupole strength
(has the dimension of velocity x length®) where o > 0 for
swimmers with small bodies and elongated flagella and o
< 0 in the opposite situation.'>! The equations governing
the dynamics of a swimming microorganism near a wall,
whose generated flow field is modeled as a source dipole,

read'??
dx a
m = cosyr (V() - E) s (30a)
dz . @
3 = -siny (vo - ?)’ (30b)
d 3acosy
d_'i’ - (2+3r@-cos’y)).  (30c)

where « is the source dipole strength (has the dimension of
velocity x length®) such that o > 0 for ciliated swimming
organisms which rely on local surface deformation to pro-
pel themselves through the fluid® and & < 0 for non-ciliated
microorganisms with helical flagella. Therefore, the effect
of the wall on the dynamics of a three-linked sphere swim-
mer can conveniently be modeled as a superposition of a
quadrupole of strength o > 0 and a source dipole of strength
a < 0.

Notably, in the limit z — oo, Egs. (28a) and (28b) reduce
to Eq. (27) providing the swimming velocity in an unbounded
bulk fluid. We further note that the asymptotic results derived
in Ref. 109 have been reported with an erroneous far field
decay that we correct here.

J. Chem. Phys. 148, 134904 (2018)

A. Approximate swimming trajectories

For small inclination angles relative to the horizontal plane
such that ¢ < 1, the sine and cosine functions can be approx-
imated using Taylor series expansions around ¢ = 0 where
sinyy ~ ¢ and cosy ~ 1. We have checked that account-
ing for the term with 2 in the series expansion of cos i
has a negligible effect on the swimming trajectories and thus
has been discarded here for simplicity. Further, restricting to
the leading order in a, Egs. (28) can thus be approximated
as

dx 7

a = _ﬁ ak, (313)
dz 7 211

Lok (L -2 |
ar ¢ (24 64 z3)w’ (31b)
dy  135aK

dy _ _1354aK 1
dr ~ 512 (31o)

Based on these equations, we now derive approximate
swimming trajectories analytically. By combining Egs. (31b)
and (31c) and eliminating the time differential dz, the equa-
tion relating the swimmer inclination to its vertical position
reads

405 dz

56 2(83-9)
which can readily be solved subject to the initial condi-

tion of inclination and distance from the wall (g, z9) to
obtain

Ydy = (32)

28 238z -9

exP(B <¢2_¢(2))) _ %8;3)——9 (33)

When the swimmer reaches its peak position, the inclina-

tion angle necessarily vanishes (provided that the swimmer is

initially pointing away from the wall such that ¢ < 0). Solv-

ing Eq. (33) for ¢ = 0, the peak height can thus be estimated
as

20

(H+§(1—H)z(3))1/3’

= (34)

where we have defined the parameter H ~ 1 + ﬁng with
B =28/15.

B. Order parameters

1. Inverse peak height z;'

We now calculate the first order parameter zgl gov-

erning the transition between the trapping and the escap-
ing states, defined in Sec. III B as the inverse of the peak
height,

a1

3 1/3
% (H+§(l _H)zg) ) (35)

=
At the transition to the escaping state, the order parameter z;l
amounts to zero. For a given initial inclination ¢, the transition
height is estimated as

1({ 9H \'?
ZT-E(ﬁ) . (36)
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Similarly, the inclination angle at the transition point between
the trapping and the escaping states for a given initial vertical

distance z( reads
1 105 \"”
- — . (37)
8.3
14 (§ %~ 1)

1

Yt =

The scaling behavior of the order parameter z;* around
the transition point can readily be obtained by performing
a Taylor series expansion around ¢ = 1 and z9 = zr to
obtain

1 2 1/3
@ =g (7) Wo =g+ 0 (Wo —y*?), (38)
Z_l = —(3H)1/3
P 4/3
Zr

(zr—20'7+0 ((ZT - zo)4/3) : (38b)

Therefore, the transition between the trapping and escaping
states is continuous and characterized by a scaling exponent
1/3 of the order parameter.

2. Inverse peak position &

We next calculate the second order parameter 5!, defined
earlier as the inverse of the horizontal position ¢ corresponding
to the occurrence of the peak, i.e., z(x = §) = zp. Combining
Egs. (31a) and (31c) together, we obtain

dx 448 ,

—=—7, 39

dy 405 ° (39
where the y-dependence of the variable z can readily be
obtained from Eq. (33) and is expressed as

!Bz

(l+§(r—l)z8)l/3,

z= (40)

where we have defined

rel+p (v’ -ug). (41)

By inserting Eq. (40) into Eq. (39), making the change of
variable r = 1 — ,ngv, and noting the relation between the
differentials,

1 dr
dy = -——— ) (42)
1/2
2B (w2 + B (- 1)

the x-position corresponding to the occurrence of the peak
follows forthwith upon integration of both sides of the resulting
differential equation to obtain

4/3

224 1= Byg dv

1-3 Bz,bozo (I-v)
Unfortunately, the latter integral cannot be solved ana-
lytically for arbitrary values of ¥ and zg. In order to over-
come this difficulty, we may have recourse to approximate
analytical tools. Clearly, there are no issues coming from

4/3

the factor (1 - ﬂwgv) / (1 — v)~"2 since it is well behaved
and integrable in the interval [0 1]. However, difficulties

arise from the factor (1 -5 ﬁl// )

03 , in which, for ':”oZo
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= 9/(8), the denominator vanishes leading to a singularity
of order —4/3 in addition to —1/2 coming from the (1 — v)~1/2
factor.
In order to proceed further and probe the behavior
near the transition points, we approximate a factor which is
4/3
well behaved at the singular point and put (1 - ngv) /
4/3
o~ (1 - ﬁz//(z)) / since the singularity would be located at v
= 1. Accordingly, the integral in Eq. (43) can be evaluated
analytically, leading to
448 4
405 205 ovo(l

4 38

4/3
0= ) 3°2°9

- Byt) TR (1 Bt//ozo)

where ,F denotes the hypergeometric function'?> which for
x — 1 can conveniently be approximated as

4.3 /2 _s/6
oA (13555)~ rrram 00 @

where T denotes the Gamma function.!??

The evolution of the second order parameter 6~! around
the transition points reads

A B 5/6
A T ). 4/3( ﬁwozo) . @)
0

with the prefactor
_ 405 T(1/6)I'(4/3)
448 w32
For a given initial distance from the wall, the transition
angle is estimated as ¢ = =3/ (Sﬁzé) 12 and thus

6~ (o —yur)', 47)

around the transition point, bearing in mind that ¥ and 1
are both negative quantities. Similarly, by considering a given
initial inclination ¢, the transition is expected to occur at a

height zr = 1 (9/(8y2))'"” and thus

5~ (zr — 200/, (48)

around the transition point. Indeed, these scaling behaviors of
the order parameters as derived from the far-field model are
in a good agreement with the numerical results presented in
Fig. 5.

Even though the far-field model is found to be able to cap-
ture the scaling behavior around the transition point between
the escaping and trapping states, it is worth mentioning that
this model nonetheless is not viable for predicting the swim-
ming trajectories accurately. As the swimmer gets to a finite
distance close to the wall, the far-field approximation is not
strictly valid. An accurate analytical prediction of the swim-
ming trajectories would thus require to account for the gen-
eral z-dependence of the averaged swimming velocities and
inclination.

(46)

V. EFFECT OF ROTATION
A. State diagram

Having investigated the state diagram of swimming near
a wall in the absence of rotation, and provided an analytical
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theory rationalizing our findings on the basis of a far-field
model, we next consider the situation where the spheres are
allowed to rotate around the swimming axis. For flagellated
bacteria, e.g., E. coli, which swim by the action of molecu-
lar rotary motors, the flagellum undergoes counterclockwise
rotation (when viewed from behind the swimmer) at speeds of
~100 Hz,'?31>* whereas the cell body rotates in the clock-
wise direction for the bacterium to remain torque-free, at
speeds of ~10 Hz.!?>!2 Based on these observations, we
assume that the spheres 1 and 3 rotate at the same rota-
tion rate to mimic the rotating flagellum such that w3 = 0,
whereas the sphere 2 represents the cell body that rotates
in the opposite direction. Accordingly, w; = w3 < 0 and
wy > 0, and thus the relative rotation rate wy; = wy — W)
has to be positive.

In Fig. 7, we present the state diagram of the swim-
ming behavior near a wall for two different values of the
relative rotation rate w,;. We observe that the state dia-
gram is qualitatively similar to that obtained in the 2D
case, shown in Fig. 2, where three distinct states of motion
occur depending on the initial orientation and distance from
the wall. The main difference is that the oscillatory-gliding
state found earlier is substituted by an oscillatory circling
in the clockwise direction, at a constant mean height above

wy =1 w3=0

a 5 T T
) Trapping .
Oscillatory circling =
Escaping .
I hesesssesssss A
= 3t . .
b H .
< : :
~ . .
E ot : .
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1+t : ]
0 ) ) [ )
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FIG. 7. State diagram of swimming near a hard wall for a non-vanishing
angular velocity along the swimming axis where (a) w7; = 1 and (b) wy; =4.
Here w3 =0. The dashed line displays the boundary at the transition between
the trapping and escaping states for the non-rotating system (wy; = w13 =0).
The other parameters are the same as in Fig. 2.

J. Chem. Phys. 148, 134904 (2018)

the wall. Indeed, the clockwise motion in circles has been
observed experimentally for swimming E. coli bacteria near
surfaces®® and is a natural consequence of the fluid-mediated
hydrodynamics interactions with the neighboring interface
and the force- and torque-free constraints imposed on the
swimmer. 2

Upon increasing the rotation rate, we observe that the
escaping state is enhanced to the detriment of the trapping
state. For instance, for w3 = 4 [Fig. 7(b)], even though the
swimmer is initially pointing toward the wall at an angle
Yo = 0.05, it can surprisingly escape the wall trapping if zg
> 3.5. This behavior is most probably attributed to the wall-
induced hydrodynamic coupling between the translational and
rotational motions, which tends to align the swimmer away
from the wall. We further observe that increasing the rotation
rate favors the trapping of the swimmer if it is initially released
from distance close to the wall, for zg < 0.5.

B. Transition between states
1. Transition between the trapping and escaping states

As in the 2D case, we define two relevant order param-
eters z;l and 6~! quantifying the state transition between the
trapping and escaping states. We keep the definition of the
first order parameter z, I as the inverse of the peak height.
By considering the 2D projection of the trajectory on the
(xy) plane, we define the second order parameter 5~' for the
3D motion as the inverse of the curvilinear distance along
the projected path, corresponding to the occurrence of the
peak.

In Fig. 8, we present a log-log plot of the order parameters
zp! and 67! versus Yo — Y [subfigures (a)—(c)], and versus
zT — 20 [subfigures (d)—(f)] along example paths on the state
diagram shown in Fig. 7(a), for w,; = 1. We observe that both
order parameters exhibit analogous scaling behavior around
the transition point as in the 2D case. We will show that the
general 3D case can approximatively be mapped into a 2D rep-
resentational model by considering the local reference frame
along the curvilinear coordinate line. Nevertheless, the power
laws predicted analytically may not be strictly obeyed as the
scaling exponents 1/3 and 5/6 derived above may not be dis-
played properly, notably along the vertical paths in the state
diagram [Figs. 8(e) and 8(f)]. This mismatch is most probably
a drawback of the simplistic approximations involved in the
analytical theory proposed here for the rotating system whose
derivation is outlined in Sec. V C 2.

2. Transition between the trapping
and oscillatory-circling states

We next consider the transition between the trapping and
oscillatory-gliding states and define in a similar way, as in the
2D case, two relevant order parameters controlling the state
transition. As before, we define the first order parameter as
the magnitude of the scaled swimming velocity parallel to the
wall averaged over one oscillation period, u := 7“/ Vo. The
second order parameter A is defined in an analogous way as
the amplitude of the oscillations. The evolution of the order
parameters has basically a similar behavior to that shown in
Fig. 6 where the transition between the oscillatory-circling
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and trapping states is found also to be first order discontin-
uous (see Fig. 1 in the supplementary material for further
details).

In the following, we present an extension of the far-
field model presented in Sec. IV in order to assess the effect
of the rotational motion of the spheres on the swimmer
dynamics.

C. Far-field model
1. Pure rotational motion

We first consider the situation where K = 0 and confine
ourselves for simplicity to the case where the swimmer is
aligned parallel to the wall for which ¢ = 0. The system of
equations governing the swimmer dynamics at leading order
in a reads

dx

S ;
o a’M(z) sin ¢, (49a)
% = a’M(z)cos ¢, (49b)
i—‘f = -a’Q(2), (49¢)
de
pri 0, (49d)
where we have defined
_wpt2wy (1 2
0(z) = o (—4 - 5) +2M(2) (50)
and
1 4z
M(z) = (Fz“ - @) (w13 — wa1), (5D

) 1/2 12
wherein ¢ = (1 + 412) and & = (1+ zz) . It can be seen
that if w3 = wy1, for which the rotation rate of the central
sphere is the average of the rotation rates of the spheres 2
and 3, the translational velocity vanishes and thus the swim-
mer undergoes a pure rotational motion around the central
sphere. For w13 = 0, the rotation rate ¢ has a maximum value
for z ~ 0.2448 and exhibits a decay as z7° in the far-field
limit.

2. Combined translation and rotation

We next combine the translational and rotational motions
and write approximate equations governing the dynamics of
the swimmer. As can be inferred from Eqgs. (49), the leading-
order terms in the swimming velocities for a pure rotational
motion scale as a.7 For the translational motion (K # 0), we
have shown that at leading order, these velocities scale linearly
with a [c.f. Egs. (31)]. Therefore, the approximated govern-
ing equations about ¢ = 0 for the combined translational and
rotational motions are given by

% = —27—4 ak cos ¢, (52a)
% = —27—4 ak sin ¢, (52b)
L - o) (52)
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FIG. 9. Radius of curvature versus the scaled relative rotation rate wy.
Solid line is the analytical prediction stated by Eq. (54) and symbols are
the numerical simulations. The inset shows the same plot in a log-log
scale.

Defining the curvilinear coordinate s along the projection

of the particle trajectory on the (xy) plane such that ds? = dx?
+dy?, Egs. (52a) and (52b) yield
ds 7

a = _ﬂ ak. (53)

The system of equations composed of (52c¢), (52d), and
(53) is mathematically equivalent to that earlier derived in the
2D case and stated by Egs. (31). In the far-field limit, the effect
of the rotation of the spheres along the swimmer axis intervenes
only through Eq. (52e) describing the temporal change of the
azimuthal angle ¢. Therefore, by appropriately redefining the
second order parameter 6~! as the curvilinear coordinate cor-
responding to the peak height, the order parameters z, ! and
6! are expected to exhibit the same scaling behavior as in the
2D case.

Finally, we calculate the radius of curvature of the swim-
ming trajectory in the special case when o =0 and zp = 0.75
for which the swimmer remains typically at a constant height
above the wall. According to Eq. (52e), the azimuthal angle
changes linearly with time, and thus the swimmer performs a
circular trajectory of radius

_T K
24a*Q(z0) 2V

for w3 = 0. Interestingly, the radius of curvature decays as a
fourth power with a, while it decreases linearly with the relative
angular velocity wy; . Figure 9 shows a quantitative comparison
between analytical predictions and numerical simulations over
a wide range of relative rotation rates. While the numerical
results show a slightly slower decay with w,, the agreement
is reasonable considering the approximations involved in the
analytical theory.

(54)

VI. CONCLUSIONS

Inspired by the role of near-wall hydrodynamic interac-
tions on the dynamics of living systems, particularly swim-
ming bacteria'?’ and the formation of biofilms,'"” we have
explored the behavior of a simple model three-sphere swim-
mer proposed by Najafi and Golestanian? in the presence
of a wall. Modeling the swimmer by three aligned spher-
ical beads with periodically time-varying mutual distances,
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we have analyzed the long-time asymptotic behavior of the
swimmer depending on its initial distance and orientation
with respect to the wall. We have found that there are three
regimes of motion, leading to either trapping of the swimmer
at the wall, escape from the wall, or a non-trivial oscillatory
gliding motion at a finite distance above the wall. We have
found that these three states persist also when we allow the
beads to rotate. The rotational motion of the beads, intro-
duced to mimic to the rotation of a cell flagellum and a
counter-rotation of its body, renders the near-wall motion of
the swimmer fully three-dimensional, as opposed to the quasi-
two-dimensional motion in the classic Najafi and Golestanian
design.

Having classified the swimming behavior, we have quan-
tified the transition between different states by introducing
the appropriate order parameters and measuring their scal-
ing with the initial height and orientation. Using the far-field
analytical calculations, we have shown that the scaling expo-
nents obtained from numerical solutions of the equations of
motion of the swimmer can be found exactly from the dom-
inant asymptotic behavior of the flow field. Moreover, we
have demonstrated that in the presence of internal rotation,
the three-dimensional dynamics in the far-field approach can
be mapped onto a quasi-two-dimensional model and thus
the scalings found in both cases remain the same. We have
verified the analytical predictions with numerical solutions,
finding very good agreement. This suggests that in order to
grasp the general complex dynamics of the swimmer near
an interface, it is sufficient to include the dominant flow
field.

In view of recent experimental realizations of the three-
sphere swimmer using optical tweezers,'*!> we hope that the
findings of this paper may be verified experimentally. On
one hand, it would be interesting to see the purely trans-
lational case, varying only the distances between spheres.
It might prove more challenging to construct a swimmer
that would actually be capable of performing an internal
rotation, yet it is an exciting perspective due to the rel-
evance of this simple model to the widely used singu-
larity representations for swimming microorganisms near
interfaces.'’!

SUPPLEMENTARY MATERIAL

See supplementary material for the elements of the matrix
resulting from the linear system of equations governing the
generalized motion of a three-sphere swimmer near a wall
given by (11), (14), (18), and (19). In addition, we provide
the far-field expressions of the mobility functions used in the
analytical model. Finally, we present the evolution of the order
parameters A and u in the oscillatory circling state associated
with the 3D system.

The movies 1 and 2 illustrate a swimmer initially released
from zo =1 at o =—0.38 (trapping) and Yo =—0.39 (escaping).
The movies 3 and 4 illustrate the oscillatory-gliding state for
Yo = 0, for a swimmer initially released from zy = 0.75 and
zo = 1. The movie 5 shows the oscillatory circling state of a
swimmer initially located at zo = 1 above the wall, released at
an angle ¢ = 0 for wy; =2 and w3 = 0.


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-026813

134904-13 Daddi-Moussa-Ider et al.

ACKNOWLEDGMENTS

The authors gratefully acknowledge support from the
DFG (Deutsche Forschungsgemeinschaft)-SPP 1726. This
work has been supported by the Ministry of Science and Higher
Education of Poland via the Mobility Plus Fellowship awarded
to M.L. M.L. acknowledges funding from the Foundation for
Polish Science within the START programme. This article is
based upon work from COST Action MP1305, supported by
COST (European Cooperation in Science and Technology).

IC. Brennen and H. Winet, “Fluid mechanics of propulsion by cilia and
flagella,” Annu. Rev. Fluid Mech. 9, 339-398 (1977).

2E. M. Purcell, “Life at low Reynolds number,” Am. J. Phys. 45, 3-11
(1977).

3E. Lauga and T. R. Powers, “The hydrodynamics of swimming microor-
ganisms,” Rep. Prog. Phys. 72, 096601 (2009).

4M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B. Liverpool, J. Prost,
M. Rao, and R. A. Simha, “Hydrodynamics of soft active matter,” Rev.
Mod. Phys. 85, 1143 (2013).

3J. Elgeti, R. G. Winkler, and G. Gompper, “Physics of microswimmers—
single particle motion and collective behavior: A review,” Rep. Prog. Phys.
78, 056601 (2015).

6C, Bechinger, R. Di Leonardo, H. Léwen, C. Reichhardt, G. Volpe, and
G. Volpe, “Active particles in complex and crowded environments,” Rev.
Mod. Phys. 88, 045006 (2016).

TA. Zéttl and H. Stark, “Emergent behavior in active colloids,” J. Phys.:
Condens. Matter 28, 253001 (2016).

8E. Lauga, “Bacterial hydrodynamics,” Annu. Rev. Fluid Mech. 48,
105-130 (2016).

9 A. Najafi and R. Golestanian, “Simple swimmer at low Reynolds number:
Three linked spheres,” Phys. Rev. E 69, 062901 (2004).

10A. Najafi and R. Golestanian, “Propulsion at low Reynolds number,” J.
Phys.: Condens. Matter 17, S1203 (2005).

IR, Golestanian and A. Ajdari, “Analytic results for the three-sphere
swimmer at low Reynolds number,” Phys. Rev. E 77, 036308 (2008).

12R. Golestanian and A. Ajdari, “Mechanical response of a small swimmer
driven by conformational transitions,” Phys. Rev. Lett. 100, 038101 (2008).

3G. P. Alexander, C. M. Pooley, and J. M. Yeomans, “Hydrodynamics of
linked sphere model swimmers,” J. Phys.: Condens. Matter 21, 204108
(2009).

M. Leoni, J. Kotar, B. Bassetti, P. Cicuta, and M. C. Lagomarsino, “A basic
swimmer at low Reynolds number,” Soft Matter 5, 472-476 (2009).

153, Grosjean, M. Hubert, G. Lagubeau, and N. Vandewalle, “Realiza-
tion of the Najafi-Golestanian microswimmer,” Phys. Rev. E 94, 021101
(2016).

1A, Montino and A. DeSimone, “Three-sphere low-Reynolds-number
swimmer with a passive elastic arm,” Eur. Phys. J. E 38, 42 (2015).

17A. Montino and A. DeSimone, “Dynamics and optimal actuation of
a three-sphere low-Reynolds-number swimmer with muscle-like arms,”
Acta Appl. Math. 149, 53-86 (2017).

18] Pande and A.-S. Smith, “Forces and shapes as determinants of micro-
swimming: Effect on synchronisation and the utilisation of drag,” Soft
Matter 11, 2364-2371 (2015).

193, Pande, L. Merchant, T. Kriiger, J. Harting, and A.-S. Smith, “Effect
of body deformability on microswimming,” Soft Matter 13, 3984-3993
(2017).

203, Babel, H. Lowen, and A. M. Menzel, “Dynamics of a linear magnetic
‘microswimmer molecule’,” Europhys. Lett. 113, 58003 (2016).

2R, Ledesma-Aguilar, H. Lowen, and J. M. Yeomans, “A circle swimmer
at low Reynolds number,” Eur. Phys. J. E 35, 70 (2012).

22R. Dreyfus, J. Baudry, and H. A. Stone, “Purcell’s ‘rotator’: Mechanical
rotation at low Reynolds number,” Eur. Phys. J. B 47, 161-164 (2005).

M. S. Rizvi, A. Farutin, and C. Misbah, “Three-bead steering microswim-
mers,” Phys. Rev. E 97, 023102 (2018).

24B.U. Felderhof, “The swimming of animalcules,” Phys. Fluids 18, 063101
(2006).

250.8. Pak, L. Zhu, L. Brandt, and E. Lauga, “Micropropulsion and microrhe-
ology in complex fluids via symmetry breaking,” Phys. Fluids 24, 103102
(2012).

261, Zhu, E. Lauga, and L. Brandt, “Self-propulsion in viscoelastic fluids:
Pushers vs. pullers,” Phys. Fluids 24, 051902 (2012).

J. Chem. Phys. 148, 134904 (2018)

2TM. P. Curtis and E. A. Gaffney, “Three-sphere swimmer in a nonlinear
viscoelastic medium,” Phys. Rev. E 87, 043006 (2013).

28g, Yazdi, A. M. Ardekani, and A. Borhan, “Locomotion of microorganisms
near a no-slip boundary in a viscoelastic fluid,” Phys. Rev. E 90, 043002
(2014).

23, Yazdi, A. M. Ardekani, and A. Borhan, “Swimming dynamics near a
wall in a weakly elastic fluid,” J. Nonlinear Sci. 25, 1153-1167 (2015).
30C. Datt, L. Zhu, G. J. Elfring, and O. S. Pak, “Squirming through shear-

thinning fluids,” J. Fluid Mech. 784, R1 (2015).

31S. Yazdi and A. Borhan, “Effect of a planar interface on time-averaged
locomotion of a spherical squirmer in a viscoelastic fluid,” Phys. Fluids
29, 093104 (2017).

32D. Pimponi, M. Chinappi, P. Gualtieri, and C. M. Casciola, “Hydrodynam-
ics of flagellated microswimmers near free-slip interfaces,” J. Fluid Mech.
789, 514-533 (2016).

BA. Dominguez, P. Malgaretti, M. N. Popescu, and S. Dietrich, “Effec-
tive interaction between active colloids and fluid interfaces induced by
Marangoni flows,” Phys. Rev. Lett. 116, 078301 (2016).

34K, Dietrich, D. Renggli, M. Zanini, G. Volpe, 1. Buttinoni, and L. Isa,
“Two-dimensional nature of the active Brownian motion of catalytic
microswimmers at solid and liquid interfaces,” New J. Phys. 19, 065008
(2017).

35]. Elgeti and G. Gompper, “Self-propelled rods near surfaces,” Europhys.
Lett. 85, 38002 (2009).

36y, Zhu, E. Lauga, and L. Brandt, “Low-Reynolds-number swimming in a
capillary tube,” J. Fluid Mech. 726, 285-311 (2013).

3TE, Yang, S. Qian, Y. Zhao, and R. Qiao, “Self-diffusiophoresis of Janus
catalytic micromotors in confined geometries,” Langmuir 32, 5580-5592
(2016).

38]. Elgeti and G. Gompper, “Microswimmers near surfaces,” Eur. Phys. J.:
Spec. Top. 225, 2333-2352 (2016).

3¢, Liu, C. Zhou, W. Wang, and H. P. Zhang, “Bimetallic microswimmers
speed up in confining channels,” Phys. Rev. Lett. 117, 198001 (2016).

40G.-J. Li and A. M. Ardekani, “Hydrodynamic interaction of microswim-
mers near a wall,” Phys. Rev. E 90, 013010 (2014).

4G, Grégoire and H. Chaté, “Onset of collective and cohesive motion,” Phys.
Rev. Lett. 92, 025702 (2004).

423, Mishra, A. Baskaran, and M. C. Marchetti, “Fluctuations and pattern
formation in self-propelled particles,” Phys. Rev. E 81, 061916 (2010).
43S. Heidenreich, S. Hess, and S. H. L. Klapp, “Nonlinear rheology of active
particle suspensions: Insights from an analytical approach,” Phys. Rev. E

83,011907 (2011).

44A. M. Menzel, “Collective motion of binary self-propelled particle mix-
tures,” Phys. Rev. E 85, 021912 (2012).

45B. Liebchen, M. E. Cates, and D. Marenduzzo, “Pattern formation in
chemically interacting active rotors with self-propulsion,” Soft Matter 12,
7259-7264 (2016).

40T, Le Goff, B. Liebchen, and D. Marenduzzo, “Pattern formation in
polymerizing actin flocks: Spirals, spots, and waves without nonlinear
chemistry,” Phys. Rev. Lett. 117, 238002 (2016).

47B. Liebchen and D. Levis, “Collective behavior of chiral active matter:
Pattern formation and enhanced flocking,” Phys. Rev. Lett. 119, 058002
(2017).

48B. Liebchen, D. Marenduzzo, and M. E. Cates, “Phoretic interactions
generically induce dynamic clusters and wave patterns in active colloids,”
Phys. Rev. Lett. 118, 268001 (2017).

49 A. M. Menzel, “Unidirectional laning and migrating cluster crystals in
confined self-propelled particle systems,” J. Phys.: Condens. Matter 25,
505103 (2013).

S0F, Kogler and S. H. L. Klapp, “Lane formation in a system of dipolar
microswimmers,” Europhys. Lett. 110, 10004 (2015).

Sp, Romanczuk, H. Chaté, L. Chen, S. Ngo, and J. Toner, “Emergent smectic
order in simple active particle models,” New J. Phys. 18, 063015 (2016).

S2A. M. Menzel, A. Saha, C. Hoell, and H. Lowen, “Dynamical density
functional theory for microswimmers,” J. Chem. Phys. 144, 024115 (2016).

533, Tailleur and M. E. Cates, “Statistical mechanics of interacting run-and-
tumble bacteria,” Phys. Rev. Lett. 100, 218103 (2008).

54y, Palacci, S. Sacanna, A. P. Steinberg, D. J. Pine, and P. M. Chaikin,
“Living crystals of light-activated colloidal surfers,” Science 339, 936-940
(2013).

551, Buttinoni, J. Bialké, F. Kiimmel, H. Lowen, C. Bechinger, and
T. Speck, “Dynamical clustering and phase separation in suspensions
of self-propelled colloidal particles,” Phys. Rev. Lett. 110, 238301
(2013).


https://doi.org/10.1146/annurev.fl.09.010177.002011
https://doi.org/10.1119/1.10903
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1103/revmodphys.85.1143
https://doi.org/10.1103/revmodphys.85.1143
https://doi.org/10.1088/0034-4885/78/5/056601
https://doi.org/10.1103/revmodphys.88.045006
https://doi.org/10.1103/revmodphys.88.045006
https://doi.org/10.1088/0953-8984/28/25/253001
https://doi.org/10.1088/0953-8984/28/25/253001
https://doi.org/10.1146/annurev-fluid-122414-034606
https://doi.org/10.1103/physreve.69.062901
https://doi.org/10.1088/0953-8984/17/14/009
https://doi.org/10.1088/0953-8984/17/14/009
https://doi.org/10.1103/physreve.77.036308
https://doi.org/10.1103/physrevlett.100.038101
https://doi.org/10.1088/0953-8984/21/20/204108
https://doi.org/10.1039/b812393d
https://doi.org/10.1103/physreve.94.021101
https://doi.org/10.1140/epje/i2015-15042-3
https://doi.org/10.1007/S10440-016-0087-9
https://doi.org/10.1039/c4sm02611j
https://doi.org/10.1039/c4sm02611j
https://doi.org/10.1039/c7sm00181a
https://doi.org/10.1209/0295-5075/113/58003
https://doi.org/10.1140/epje/i2012-12070-5
https://doi.org/10.1140/epjb/e2005-00302-5
https://doi.org/10.1103/physreve.97.023102
https://doi.org/10.1063/1.2204633
https://doi.org/10.1063/1.4758811
https://doi.org/10.1063/1.4718446
https://doi.org/10.1103/physreve.87.043006
https://doi.org/10.1103/physreve.90.043002
https://doi.org/10.1007/s00332-015-9253-x
https://doi.org/10.1017/jfm.2015.600
https://doi.org/10.1063/1.5002574
https://doi.org/10.1017/jfm.2015.738
https://doi.org/10.1103/physrevlett.116.078301
https://doi.org/10.1088/1367-2630/aa7126
https://doi.org/10.1209/0295-5075/85/38002
https://doi.org/10.1209/0295-5075/85/38002
https://doi.org/10.1017/jfm.2013.225
https://doi.org/10.1021/acs.langmuir.6b01214
https://doi.org/10.1140/epjst/e2016-60070-6
https://doi.org/10.1140/epjst/e2016-60070-6
https://doi.org/10.1103/physrevlett.117.198001
https://doi.org/10.1103/physreve.90.013010
https://doi.org/10.1103/physrevlett.92.025702
https://doi.org/10.1103/physrevlett.92.025702
https://doi.org/10.1103/physreve.81.061916
https://doi.org/10.1103/physreve.83.011907
https://doi.org/10.1103/physreve.85.021912
https://doi.org/10.1039/c6sm01162d
https://doi.org/10.1103/physrevlett.117.238002
https://doi.org/10.1103/physrevlett.119.058002
https://doi.org/10.1103/physrevlett.118.268001
https://doi.org/10.1088/0953-8984/25/50/505103
https://doi.org/10.1209/0295-5075/110/10004
https://doi.org/10.1088/1367-2630/18/6/063015
https://doi.org/10.1063/1.4939630
https://doi.org/10.1103/physrevlett.100.218103
https://doi.org/10.1126/science.1230020
https://doi.org/10.1103/physrevlett.110.238301

134904-14 Daddi-Moussa-Ider et al.

o, Speck, J. Bialké, A. M. Menzel, and H. Lowen, “Effective Cahn-Hilliard
equation for the phase separation of active Brownian particles,” Phys. Rev.
Lett. 112, 218304 (2014).

STT, Speck, A. M. Menzel, J. Bialké, and H. Lowen, “Dynamical mean-field
theory and weakly non-linear analysis for the phase separation of active
Brownian particles,” J. Chem. Phys. 142, 224109 (2015).

S8H. H. Wensink, J. Dunkel, S. Heidenreich, K. Drescher, R. E. Goldstein,
H. Lowen, and J. M. Yeomans, “Meso-scale turbulence in living fluids,”
Proc. Natl. Acad. Sci. U. S. A. 109, 14308-14313 (2012).

S9H. H. Wensink and H. Lowen, “Emergent states in dense systems of active
rods: From swarming to turbulence,” J. Phys.: Condens. Matter 24, 464130
(2012).

60y, Dunkel, S. Heidenreich, K. Drescher, H. H. Wensink, M. Bir, and
R. E. Goldstein, “Fluid dynamics of bacterial turbulence,” Phys. Rev. Lett.
110, 228102 (2013).

6lg. Heidenreich, S. H. L. Klapp, and M. Bér, “Numerical simulations of a
minimal model for the fluid dynamics of dense bacterial suspensions,” J.
Phys.: Conf. Ser. 490, 012126 (2014).

624, Kaiser, A. Peshkov, A. Sokolov, B. ten Hagen, H. Lowen, and 1. S.
Aranson, “Transport powered by bacterial turbulence,” Phys. Rev. Lett.
112, 158101 (2014).

63S. Heidenreich, J. Dunkel, S. H. L. Klapp, and M. Bir, “Hydrodynamic
length-scale selection in microswimmer suspensions,” Phys. Rev. E 94,
020601 (2016).

64y, Lowen, “Chirality in microswimmer motion: From circle swimmers to
active turbulence,” Eur. Phys. J.: Spec. Top. 225, 2319-2331 (2016).

05F. G. Woodhouse andR. E. Goldstein, “Spontaneous circulation of confined
active suspensions,” Phys. Rev. Lett. 109, 168105 (2012).

S6H. Wioland, F. G. Woodhouse, J. Dunkel, J. O. Kessler, and R. E. Goldstein,
“Confinement stabilizes a bacterial suspension into a spiral vortex,” Phys.
Rev. Lett. 110, 268102 (2013).

67H, Wioland, F. G. Woodhouse, J. Dunkel, and R. E. Goldstein, “Ferromag-
netic and antiferromagnetic order in bacterial vortex lattices,” Nat. Phys.
12, 341-345 (2016).

68F G. Woodhouse and J. Dunkel, “Active matter logic for autonomous
microfluidics,” Nat. Commun. 8, 15169 (2017).

691, Happel and B. J. Bryne, “Viscous flow in multiparticle systems. Motion
of a sphere in a cylindrical tube,” Ind. Eng. Chem. 46, 1181-1186 (1954).

T0H. A. Stone, A. D. Stroock, and A. Ajdari, “Engineering flows in small
devices: Microfluidics toward a lab-on-a-chip,” Annu. Rev. Fluid Mech.
36, 381411 (2004).

7IT. Squires and S. Quake, “Microfluidics: Fluid physics at the nanoliter
scale,” Rev. Mod. Phys. 77, 977 (2005).

T2E, Lauga, M. Brenner, and H. Stone, “Microfluidics: The no-slip bound-
ary condition,” in Springer handbook of Experimental Fluid Mechanics
(Springer, 2007), pp. 1219-1240.

73M. Lisicki, B. Cichocki, S. A. Rogers, J. K. G. Dhont, and P. R. Lang,
“Translational and rotational near-wall diffusion of spherical colloids
studied by evanescent wave scattering,” Soft Matter 10, 4312-4323 (2014).

74M. Lisicki, B. Cichocki, and E. Wajnryb, “Near-wall diffusion tensor of an
axisymmetric colloidal particle,” J. Chem. Phys. 145, 034904 (2016).

75 A. Daddi-Moussa-Ider and S. Gekle, “Hydrodynamic interaction between
particles near elastic interfaces,” J. Chem. Phys. 145, 014905 (2016).

6B, Rallabandi, B. Saintyves, T. Jules, T. Salez, C. Schonecker, L.
Mahadevan, and H. A. Stone, “Rotation of an immersed cylinder sliding
near a thin elastic coating,” Phys. Rev. Fluids 2, 074102 (2017).

7B, Rallabandi, S. Hilgenfeldt, and H. A. Stone, “Hydrodynamic force on
a sphere normal to an obstacle due to a non-uniform flow,” J. Fluid Mech.
818, 407-434 (2017).

T8A. Daddi-Moussa-Ider, M. Lisicki, and S. Gekle, “Mobility of an axisym-
metric particle near an elastic interface,” J. Fluid Mech. 811, 210-233
(2017).

79 A. Daddi-Moussa-Ider and S. Gekle, “Hydrodynamic mobility of a solid
particle near a spherical elastic membrane: Axisymmetric motion,” Phys.
Rev. E 95, 013108 (2017).

80 A, Daddi-Moussa-Ider, M. Lisicki, and S. Gekle, “Hydrodynamic mobil-
ity of a solid particle near a spherical elastic membrane. II. Asymmetric
motion,” Phys. Rev. E 95, 053117 (2017).

8LA. Daddi-Moussa-Ider, M. Lisicki, and S. Gekle, “Hydrodynamic mobility
of a sphere moving on the centerline of an elastic tube,” Phys. Fluids 29,
111901 (2017).

82p D. Frymier, R. M. Ford, H. C. Berg, and P. T. Cummings, “Three-
dimensional tracking of motile bacteria near a solid planar surface,” Proc.
Natl. Acad. Sci. U. S. A. 92, 6195-6199 (1995).

J. Chem. Phys. 148, 134904 (2018)

83W. R. DiLuzio, L. Turner, M. Mayer, P. Garstecki, D. B. Weibel, H. C. Berg,
and G. M. Whitesides, “Escherichia coli swim on the right-hand side,”
Nature 435, 1271-1274 (2005).

84 A, P. Berke, L. Turner, H. C. Berg, and E. Lauga, “Hydrodynamic attraction
of swimming microorganisms by surfaces,” Phys. Rev. Lett. 101, 038102
(2008).

85K, Drescher, J. Dunkel, L. H. Cisneros, S. Ganguly, and R. E.
Goldstein, “Fluid dynamics and noise in bacterial cell-cell and cell-surface
scattering,” Proc. Natl. Acad. Sci. U. S. A. 108, 10940-10945 (2011).

86G, Miiio, T. E. Mallouk, T. Darnige, M. Hoyos, J. Dauchet, J. Dunstan,
R. Soto, Y. Wang, A. Rousselet, and E. Clement, “Enhanced diffusion due
to active swimmers at a solid surface,” Phys. Rev. Lett. 106, 048102 (2011).

87E. Lushi, V. Kantsler, and R. E. Goldstein, “Scattering of biflagellate
microswimmers from surfaces,” Phys. Rev. E 96, 023102 (2017).

88K Ishimoto and E. A. Gaffney, “Squirmer dynamics near a boundary,”
Phys. Rev. E 88, 062702 (2013).

89M. Contino, E. Lushi, I. Tuval, V. Kantsler, and M. Polin, “Microalgae
scatter off solid surfaces by hydrodynamic and contact forces,” Phys. Rev.
Lett. 115, 258102 (2015).

90y, Dunstan, G. Mifio, E. Clement, and S. Soto, “A two-sphere model for
bacteria swimming near solid surfaces,” Phys. Fluids 24, 011901 (2012).

91W. E. Uspal, M. N. Popescu, S. Dietrich, and M. Tasinkevych, “Rheotaxis
of spherical active particles near a planar wall,” Soft Matter 11, 6613-6632
(2015).

92W. E. Uspal, M. N. Popescu, S. Dietrich, and M. Tasinkevych, “Self-
propulsion of a catalytically active particle near a planar wall: From
reflection to sliding and hovering,” Soft Matter 11, 434-438 (2015).

93y, Simmchen, J. Katuri, W. E. Uspal, M. N. Popescu, M. Tasinkevych, and
S. Sanchez, “Topographical pathways guide chemical microswimmers,”
Nat. Commun. 7, 10598 (2016).

94Y. Tbrahim and T. B. Liverpool, “The dynamics of a self-phoretic Janus
swimmer near a wall,” Europhys. Lett. 111, 48008 (2015).

9 A. Mozaffari, N. Sharifi-Mood, J. Koplik, and C. Maldarelli, “Self-
diffusiophoretic colloidal propulsion near a solid boundary,” Phys. Fluids
28, 053107 (2016).

%M. N. Popescu, W. E. Uspal, and S. Dietrich, “Self-diffusiophoresis of
chemically active colloids,” Eur. Phys. J.: Spec. Top. 225, 2189-2206
(2016).

97F, Riihle, J. Blaschke, J.-T. Kuhr, and H. Stark, “Gravity-induced dynamics
of a squirmer microswimmer in wall proximity,” New J. Phys. 20, 025003
(2018).

9 A. Mozaffari, N. Sharifi-Mood, J. Koplik, and C. Maldarelli, “Self-
propelled colloidal particle near a planar wall: A Brownian dynamics
study,” Phys. Rev. Fluids 3, 014104 (2018).

9D. Crowdy, S. Lee, O. Samson, E. Lauga, and A. E. Hosoi, “A two-
dimensional model of low-Reynolds number swimming beneath a free
surface,” J. Fluid Mech. 681, 24-47 (2011).

100R Dj Leonardo, D. Dell’ Arciprete, L. Angelani, and V. Iebba, “Swimming

with an image,” Phys. Rev. Lett. 106, 038101 (2011).

D. Lopez and E. Lauga, “Dynamics of swimming bacteria at complex

interfaces,” Phys. Fluids 26, 071902 (2014).

1028 Das, A. Garg, A. I. Campbell, J. Howse, A. Sen, D. Velegol, R.
Golestanian, and S. J. Ebbens, “Boundaries can steer active Janus spheres,”
Nat. Commun. 6, 8999 (2015).

103K Schaar, A. Zo6ttl, and H. Stark, “Detention times of microswimmers close
to surfaces: Influence of hydrodynamic interactions and noise,” Phys. Rev.
Lett. 115, 038101 (2015).

1045 g, Spagnolie, G. R. Moreno-Flores, D. Bartolo, and E. Lauga, “Geo-
metric capture and escape of a microswimmer colliding with an obstacle,”
Soft Matter 11, 3396-3411 (2015).

105N, Desai, V. A. Shaik, and A. M. Ardekani, “Hydrodynamics-mediated
trapping of micro-swimmers near drops,” Soft Matter 14, 264 (2018).

1064, Shum and J. M. Yeomans, “Entrainment and scattering in
microswimmer-colloid interactions,” Phys. Rev. Fluids 2, 113101 (2017).

107M. C. van Loosdrecht, J. Lyklema, W. Norde, and A. J. Zehnder, “Influence
of interfaces on microbial activity,” Microbiol. Rev. 54(1), 75-87 (1990).

108 Drescher, Y. Shen, B. L. Bassler, and H. A. Stone, “Biofilm streamers
cause catastrophic disruption of flow with consequences for environmental
and medical systems,” Proc. Natl. Acad. Sci. U. S. A. 110, 4345-4350
(2013).

109R, Zargar, A. Najafi, and M. Miri, “Three-sphere low-Reynolds-number
swimmer near a wall,” Phys. Rev. E 80, 026308 (2009).

1105, Kim and S. J. Karrila, Microhydrodynamics: Principles and Selected
Applications (Courier Corporation, 2013).

101


https://doi.org/10.1103/physrevlett.112.218304
https://doi.org/10.1103/physrevlett.112.218304
https://doi.org/10.1063/1.4922324
https://doi.org/10.1073/pnas.1202032109
https://doi.org/10.1088/0953-8984/24/46/464130
https://doi.org/10.1103/physrevlett.110.228102
https://doi.org/10.1088/1742-6596/490/1/012126
https://doi.org/10.1088/1742-6596/490/1/012126
https://doi.org/10.1103/physrevlett.112.158101
https://doi.org/10.1103/physreve.94.020601
https://doi.org/10.1140/epjst/e2016-60054-6
https://doi.org/10.1103/physrevlett.109.168105
https://doi.org/10.1103/physrevlett.110.268102
https://doi.org/10.1103/physrevlett.110.268102
https://doi.org/10.1038/nphys3607
https://doi.org/10.1038/ncomms15169
https://doi.org/10.1021/ie50534a032
https://doi.org/10.1146/annurev.fluid.36.050802.122124
https://doi.org/10.1103/revmodphys.77.977
https://doi.org/10.1039/c4sm00148f
https://doi.org/10.1063/1.4958727
https://doi.org/10.1063/1.4955099
https://doi.org/10.1103/physrevfluids.2.074102
https://doi.org/10.1017/jfm.2017.135
https://doi.org/10.1017/jfm.2016.739
https://doi.org/10.1103/physreve.95.013108
https://doi.org/10.1103/physreve.95.013108
https://doi.org/10.1103/physreve.95.053117
https://doi.org/10.1063/1.5002192
https://doi.org/10.1073/pnas.92.13.6195
https://doi.org/10.1073/pnas.92.13.6195
https://doi.org/10.1038/nature03660
https://doi.org/10.1103/physrevlett.101.038102
https://doi.org/10.1073/pnas.1019079108
https://doi.org/10.1103/physrevlett.106.048102
https://doi.org/10.1103/physreve.96.023102
https://doi.org/10.1103/physreve.88.062702
https://doi.org/10.1103/physrevlett.115.258102
https://doi.org/10.1103/physrevlett.115.258102
https://doi.org/10.1063/1.3676245
https://doi.org/10.1039/c5sm01088h
https://doi.org/10.1039/c4sm02317j
https://doi.org/10.1038/ncomms10598
https://doi.org/10.1209/0295-5075/111/48008
https://doi.org/10.1063/1.4948398
https://doi.org/10.1140/epjst/e2016-60058-2
https://doi.org/10.1088/1367-2630/aa9ed3
https://doi.org/10.1103/physrevfluids.3.014104
https://doi.org/10.1017/jfm.2011.223
https://doi.org/10.1103/physrevlett.106.038101
https://doi.org/10.1063/1.4887255
https://doi.org/10.1038/ncomms9999
https://doi.org/10.1103/physrevlett.115.038101
https://doi.org/10.1103/physrevlett.115.038101
https://doi.org/10.1039/c4sm02785j
https://doi.org/10.1039/c7sm01615h
https://doi.org/10.1103/physrevfluids.2.113101
https://doi.org/10.1073/pnas.1300321110
https://doi.org/10.1103/physreve.80.026308

134904-15 Daddi-Moussa-Ider et al.

I R. Blake, “A note on the image system for a stokeslet in a
no-slip boundary,” Math. Proc. Cambridge Philos. Soc. 70, 303-310
(1971).

125, W. Swan and J. E. Brady, “Simulation of hydrodynamically inter-
acting particles near a no-slip boundary,” Phys. Fluids 19, 113306
(2007).

U3y, Su, J. W. Swan, and R. N. Zia, “Pair mobility functions for rigid
spheres in concentrated colloidal dispersions: Stresslet and straining
motion couplings,” J. Chem. Phys. 146, 124903 (2017).

H4A M. Fiore, F. Balboa Usabiaga, A. Donev, and J. W. Swan, “Rapid sam-
pling of stochastic displacements in Brownian dynamics simulations,” J.
Chem. Phys. 146, 124116 (2017).

H5A, Daddi-Moussa-Ider, M. Lisicki, A. J. T. M. Mathijssen, C. Hoell,
S. Goh, J. Btawzdziewicz, A. M. Menzel, and H. Lowen, “State diagram
of a three-sphere microswimmer in a channel,” (unpublished); preprint
arXiv:1803.02345 [physics.flu-dyn].

U6T 1. Fossen, Handbook of Marine Craft Hydrodynamics and Motion
Control (John Wiley & Sons, 2011).

U7\, H. Press, The Art of Scientific Computing (Cambridge University Press,
1992).

18g, Cichocki, R. B. Jones, R. Kutteh, and E. Wajnryb, “Friction and
mobility for colloidal spheres in Stokes flow near a boundary: The
multipole method and applications,” J. Chem. Phys. 112, 2548-2561
(2000).

J. Chem. Phys. 148, 134904 (2018)

119M. Kedzierski and E. Wajnryb, “Precise multipole method for calculating
many-body hydrodynamic interactions in a microchannel,” J. Chem. Phys.
133, 154105 (2010).

1205, E. Spagnolie and E. Lauga, “Hydrodynamics of self-propulsion near a
boundary: Predictions and accuracy of far-field approximations,” J. Fluid
Mech. 700, 105-147 (2012).

2IA 7. T. M. Mathijssen, A. Doostmohammadi, J. M. Yeomans, and
T.N. Shendruk, “Hotspots of boundary accumulation: Dynamics and statis-
tics of micro-swimmers in flowing films,” J. R. Soc. Interface 13,20150936
(2016).

122M. Abramowitz and L. A. Stegun, Handbook of Mathematical Functions
(Dover New York, 1972), Vol. 1.

123G. Lowe, M. Meister, and H. C. Berg, “Rapid rotation of flagellar bundles
in swimming bacteria,” Nature 325, 637-640 (1987).

124y, Magariyama, S. Sugiyama, and S. Kudo, “Bacterial swimming speed
and rotation rate of bundled flagella,” FEMS Microbiol. Lett. 199, 125-129
(2001).

125R. M. Macnab, “Bacterial flagella rotating in bundles: A study in helical
geometry,” Proc. Nat. Acad. Sci. U. S. A. 74, 221-225 (1977).

126, Lauga, W. R. DiLuzio, G. M. Whitesides, and H. A. Stone, “Swimming in
circles: Motion of bacteria near solid boundaries,” Biophys. J. 90, 400412
(2006).

127E, Lauga and T. M. Squires, “Brownian motion near a partial-slip boundary:
A local probe of the no-slip condition,” Phys. Fluids 17, 103102 (2005).


https://doi.org/10.1017/s0305004100049902
https://doi.org/10.1063/1.2803837
https://doi.org/10.1063/1.4978622
https://doi.org/10.1063/1.4978242
https://doi.org/10.1063/1.4978242
http://arxiv.org/abs/1803.02345
https://doi.org/10.1063/1.480894
https://doi.org/10.1063/1.3496481
https://doi.org/10.1017/jfm.2012.101
https://doi.org/10.1017/jfm.2012.101
https://doi.org/10.1098/rsif.2015.0936
https://doi.org/10.1038/325637a0
https://doi.org/10.1111/j.1574-6968.2001.tb10662.x
https://doi.org/10.1073/pnas.74.1.221
https://doi.org/10.1529/biophysj.105.069401
https://doi.org/10.1063/1.2083748

