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Abstract: The hydrodynamic characteristics of a rod-shaped squirmer swimming near a wall were
studied numerically using the immersed boundary-lattice Boltzmann method in the swimming
Reynolds number range of 0.1 < Res < 2.0, where the number of assembled squirmers was 2 <i < 4
and the distance between two adjacent assembled squirmers was 0.75 d < s < 1.5 d (d is the diameter
of a single squirmer). The effect of Re;, i and s on the swimming mode of the squirmer was explored.
The results showed that there are four swimming modes after the first collision between the rod-
shaped squirmer and the wall. There are also four swimming modes when Re; changes from 0.1
to 2.0. Puller, pusher and neutral squirmers showed different swimming modes when i changed,
and the effect degree of the flow at the previous moment on the squirmer’s motion was different for
different values of i. The change in s only affected the trajectory of the squirmer without changing its
motion mode. Puller, pusher and neutral squirmers showed different swimming modes and velocity
changes when s changed.
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1. Introduction

Situations of microorganisms swimming are everywhere in nature and industrial
applications. In contrast to large organisms such as birds, fishes or insects, which achieve
their locomotion by imparting momentum to the fluid, microorganisms swim using one or
more appendages including flagella (E. coli and spermatozoa), cilia (Paramecium) or cell
deformation (Borrelia burgdorferi) by viscous force in a flow with a low Reynolds number [1].
For example, spermatozoa travel in the female reproductive tract through flexible filament
whipping [2]. Escherichia coli moves to the nutritive region in the guts through stiff helix
rotation [3], and alga can swim forward or in reverse with two flagella by using ciliary and
flagellar beat strategies, respectively [4]. Microorganisms frequently collide with passive
particles as well as solid boundaries in flows, which is relevant in numerous biological
phenomena. Therefore, the investigation of the motion of microorganisms near a wall is of
great importance and may be beneficial in biomedical and engineering applications.

Previous experiments have observed various swimming behaviors for microorganisms
near a boundary, such as the stable “dancing” states of Volvox [5], the backward swimming
of spermatozoa [6], the circular trajectories of Escherichia coli [7] and the biofilm formation
of bacteria attached to a surface [8]. Some simplified models have been proposed for
studying the hydrodynamics of swimmers in the vicinity of a wall. Or and Murray [9] have
studied the dynamic stability of swimmers comprised of rotating spheres and rigid rods
near a plane wall. They found the existence of stable periodic motion and passively stable
conditions along the wall when the structure of the swimmer changed. Zargar et al. [10]
investigated the influence of a wall on the dynamics of a three-sphere swimmer moving
through varying the length of its arms in a periodic manner. Their results showed that for
different initial angles and distances from the wall, there were four swimming modes. In
particular, the swimmer oriented its head toward the wall when the initial angle was slightly
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negative in the near-wall phase. Dunstan et al. [11] presented a two-sphere model for
bacteria swimming near a solid surface. The results showed that three different swimming
modes depended on the initial conditions: swimming in circles in contact with the wall,
swimming in circles at a finite distance from the wall and swimming away from the wall.
Pimponi et al. [12] also found the counterclockwise trajectory of a flagellated microorganism
by using the boundary element method, which was in agreement with the experimental
results of Leonardo et al. [13].

Recently, the “squirmer” model has been widely used to investigate the hydrodynam-
ics of self-propelled swimmers. Paravassiliou and Alexander [14] illustrated the reciprocal
theorem for a squirmer near a solid surface and extended it to a general squirming set.
Lintuvuori et al. [15] studied the hydrodynamics of a fully resolved squirmer confined
between two walls, and the results showed that a pusher moved faster when it was close to
a surface than in the bulk, whereas a puller underwent a transition between fast motion
and a dynamical standstill. Li and Ardekani [16] simulated a squirmer near a wall by a
distributed Lagrange-multiplier-based finite-volume method and found three different
swimming modes, i.e., escaping from the wall, swimming along the wall at a constant dis-
tance and orientation angle, and swimming near the wall in a periodic trajectory. Ishimoto
and Gaffney [17] theoretically explored the boundary behavior of axisymmetric squirmers
for a no-slip interface and also a free surface with the small capillary number limit, prevent-
ing leading-order surface deformation, and suggested the necessity of surface deformation
for stable three-dimensional free-surface finite-size microswimming. Poddar et al. [18] il-
lustrated how the near-wall swimming velocities are non-trivially altered by the interaction
of wall slip and hydrodynamic forces, and reported a characteristic transition of swimming
trajectories for both puller- and pusher-type microswimmers by hydrodynamic slippage if
the wall slip length crossed a critical value. Ouyang et al. [19] numerically studied the hy-
drodynamic properties of a squirmer swimming in a power-law fluid near a wall using an
immersed boundary-lattice Boltzmann method considering the effect of the power-law in-
dex, the Reynolds number, the initial orientation angle and the initial distance of a squirmer
from the wall, and found four new swimming modes. In the shear-thinning fluid, both
pushers and pullers with a larger § would display the phenomenon of reverse swimming
near the wall. Kuron et al. [20] theoretically and numerically studied the hydrodynamic
behaviors of a squirmer bounded by spherical objects and walls using the reflection method,
and found that backward sliding behavior for sufficiently strong pushers was caused by
the strong forces opposing forward motion generated from the fluid recirculation between
the squirmer and the wall. Pietrzyk et al. [21] calculated the non-Newtonian correction of
the flow analytically with the asymptotic limit of a small Carreau number, and the results
showed cases where the non-local effect could be more significant than the local effect. They
also suggested that caution should be exercised when developing physical intuition from
the local viscosity distribution alone around a swimmer in a shear-thinning fluid. Eastham
and Shoele [22] studied the ciliary locomotion and feeding of an axisymmetric microswim-
mer in a complex fluid whose viscosity depended on the surrounding nutrient field, and
the results demonstrated that non-local effects from variation in the viscosity were caused
by a modification of the pressure force, as opposed to the strain rate. Van Gogh et al. [23]
examined the effects of geometrical shape upon locomotion in a shear-thinning fluid, and
the results showed the advantages of spheroidal over spherical swimmers in terms of both
swimming speed and energetic efficiency when squirming through a shear-thinning fluid,
and the possibility of tuning the swimmer’s geometry to better exploit non-Newtonian
theological behaviors for more effective locomotion in complex fluids.

Actually, in the world of microorganisms, there are a variety of species with wide diver-
sity in their body shapes, e.g., Bacillus is rod-like, and Spiroplasma presents an elongated
shape with flexibility. Ouyang and Lin [24] proposed a model of rod-shaped squirmers to
investigate the hydrodynamics of elongated swimmers. A rod-shaped squirmer consists
of several spherical squirmers in tandem. Ouyang et al. [25] studied the hydrodynamics
of an inertial squirmer and a squirmer dumbbell in a tube, and found that the fluid’s
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inertia affected the swimming stability of the squirmers and the squirmer dumbbells; the
pusher would swim in the opposite direction, accompanied by periodic oscillation, and
its amplitude increased with an increase in the Reynolds number. Li and Ardekani [16]
presented numerical results for the steady speed of a squirmer swimming in an unbounded
fluid, and showed that the swimming speed of pullers and pushers changed with the
Reynolds number.

By reviewing previous relevant research, it can be seen that research on the effects
of the distance between two adjacent squirmers, the number of assembled squirmers
and the Reynolds number on the hydrodynamics and swimming mode of rod-shaped
squirmers is lacking. Therefore, in the present work, we studied the hydrodynamics
of a rod-shaped squirmer swimming near a wall at a finite Reynolds number by using
the immersed boundary-lattice Boltzmann method [26], and explored the hydrodynamic
characteristics and swimming mode of squirmers when some parameters of the flow and
the squirmer changed.

2. Numerical Method and Validation
2.1. Rod-Shaped Squirmer Model

The spherical squirmer, as an archetypal model of swimmers based on the Stokes
theory, was presented by Lighthill [27], modified by Blake [28] and further developed by
other studies, and has been widely used to simulate the locomotion of ciliated organisms
such as Volvox, Oplina and Paramecium. The simplified form of a two-dimensional
squirmer, i.e., only the tangential velocity on the surfaces drives the body, was adopted to
assemble the rod-shaped squirmer:

ug|y—q = (Bysinf + 2B sinf cos 0)ey 1)

where 6 is the angle in polar coordinates measured from the self-propulsion direction,
ey is the unit vector along the 6 direction of the squirmer, and B; and B, are constants.
On the right-hand side of Equation (1), the first term determines the swimming velocity
U|re—o = B1/2 and the second term presents the intensity of the vorticity around the
surface of the squirmer. Three kinds of squirmer were specified in the light of the values
of B = By/B; with By > 0, i.e., B > 0 denotes a puller (Chlamydomonas), inducing thrust
in front of the swimmer; B < 0 denotes a pusher (spermatozoa), inducing thrust at the
rear of the swimmer; and B = 0 denotes a neutral squirmer (Paramecium). A rod-shaped
squirmer was assembled jointly by several squirmers with identical posture, i.e., with the
same orientation as shown in Figure 1a, where the red arrows represent the orientation
of each squirmer. Similar to a single squirmer, a rod-shaped squirmer can be categorized
as a puller (8 > 0), pusher (8 < 0) or neutral (8 = 0) squirmer. Each rod-shaped squirmer
motivates itself with the same distribution of the surface velocity. Rod-shaped squirmers
with different shapes or configurations were created by altering the distance between
two neighboring squirmers and the number of assembled squirmers, which could model
diverse species of microorganisms. Furthermore, this model of rod-shaped squirmer can be
modified to a rod-like model of flexibility to mimic the swimmers with deformable and
elongated shapes [24].
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(b)
Figure 1. Schematic diagram of the flow. (a) Rod-shaped squirmer near the wall; (b) lattice.

The rod-shaped squirmer is assumed to be rigid, and its motion is governed by
Newton’s second law:

d*x.
a(J-Q) _
o, ©)

where M and x, are the mass and centroid position of the squirmer, | and () are the moment
of inertia and the angular velocity of the squirmer, and F and T represent the force and
torque exerted on the squirmer, respectively. In the static coordinates, the distribution of
the velocity at the surface of the squirmer is given by

us; = U+ Q X x5+ uy, 4)

where U is the translational velocity and x; indicates the vector pointing from the centroid
of a squirmer to its surface.

When two squirmers swam in the flow, we kept the distance between the centroid of
two squirmers unchanged according to the law of rigid-body motion, so two squirmers
remained connected to a form a rod-shaped squirmer.

2.2. Repulsive Force Model

When the squirmer swam towards the near-wall region and then collided with the
solid boundary, the model of short-range repulsive force was used to prevent non-physical
overlaps between the squirmer and the wall. The model was presented by Glowinski
et al. [29] and given as:

Cp  d — dpin — Ar 2
= (7&’ ) er, )
where C;; = MU, /a is the characteristic force; M and U, are the mass and velocity of the
centroid of the squirmer, respectively; a is the radius of a single squirmer; e = 10~* is a small
invariable; d is the distance between the squirmer and the wall; d,,;;, denotes the minimum
possible distance; Ar = Ax indicates that the repulsive force only exits in the one-lattice
sized region near the wall, as shown in Figure 1b, where Ax is the size of the lattice; and e,
denotes the direction of the repulsive force which is perpendicular to the wall.

F,

2.3. Immersed Boundary-Lattice Boltzmann Method

The numerical simulations were conducted using the direct forcing immersed boundary-
lattice Boltzmann (IB-LB) method [30]. The continuity and momentum equations for the
flow are:

V-u=0, (6)
ou Vp

o V=P LBy
at—i—(u V)u 5 —l—pV u+f, @)
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where u, p, p, 4 and f are the fluid velocity, pressure, density, viscosity and external body
force on the fluid, respectively.

When an external force exits, the discrete lattice Boltzmann equation (LBE) can be
derived and given in the following explicit form [31]:

fale eot t4+ ) = ful t) — L [falnt) — f29(x, )] + Eulx ), ®)

where At is the lattice time, T is the relaxation time, f,(x, t) is the distribution function
at position x and time ¢ for the discrete velocity in the direction e, and f,“(x, t) is the
equilibrium distribution function given by

fi(x, ) = pwa[l + c%(e"‘ ‘u) + %(e,x . u)2 - %13], 9)
where c is the lattice speed and 2 = 3¢,2 with ¢, being the speed of sound. In our simulation,
the lattice size Ax = 1 and the lattice time At = 1, so the lattice speed was derived as
c=Ax/At =1. Here, ¢ = 3c,2 was the result of derivation of the two-dimensional nine-
speed model (D2Q9).

The D2Q9 model was used here for simulations. The set of discrete velocities [e,] was
defined as:

010 -1 0 1 -1 -1 1
lea] =leocervesl=1g o 1 o 11 1 1 - (10)
and the weight coefficients w, can be given by wog=4/9, wy =1/9 fora =1~4 and w, =1/36
for @ = 5~8.
Split-forcing LBE was utilized for higher accuracy which demands the following [32]:
eqx —u(x,t) ey - u(x,t)

Fa(x,t):(l—zir)wap G ot ME e ) flx,i). (11)

The macroscopic density and velocity at the Euler points can be directly obtained by:

p=) fu (12)

pu =Y eyfoa+ %f. (13)

Fixed Euler grids and deformable Lagrangian grids are both employed in the IB-LB
method. Euler grids are fixed grids related to the computation of flow, while Lagrangian
grids are distributed on the surface of the particle and move with it, as shown in Figure 1b.
The fluid and the immersed boundary can exchange information through these two grids.
The force exerted on the Lagrangian points at the surface of the boundary is given by [33]:

U (x,t + At) — U*(x, t + At)
At ’

F(x,t) = (14)

where U(x, t) is the velocity of the points on the boundary governed by the law of rigid-
body motion and U’ (x, t) is the approximate velocity at the position x by interpolating the
velocity of the Euler points around the Lagrangian nodes:

U (Xp,t) = ) D(X, — Xy) - u'(Xp, 1), (15)
f

where u*(X; t) is the fluid velocity at Xy without considering a forcing term and D(x) is the
discrete delta function [31].
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The forces exerted on the fluid by the moving boundary can be obtained as:

f(Xp,t) =) D(Xy— Xp) - F(Xp, 1). (16)
b

In terms of the fluid-wall interaction, the fluid had no slip and no penetration
into the wall, and the non-equilibrium extrapolation method was used to calculate the
fluid—wall interaction.

2.4. Validation

To validate the independence of the grid size in the simulations, several cases of
rod-shaped squirmers swimming towards the wall were conducted at Re; = 0.5. The
swimming Reynolds number (Re; = B1dp/2p) represents the ratio of the inertial to viscous
forces within the fluid, where p, d, B; and y are the fluid density, characteristic length, the
constant related to swimming strength and fluid viscosity, respectively. The rod-shaped
squirmers were assembled, with two identical squirmers being in contact. The initial
orientation of the squirmers was 6 = —45° and the squirmers were released one diameter
(20Ax) away from the wall, as shown in Figure 1. The height of the flow changed from
H =300Ax to H = 800Ax, and the length of the flow was fixed at L = 800Ax. As shown in
Figure 2, the curves of the squirmers’ trajectory and orientation variation coincided well
when H > 500Ax. Thus H = 540Ax was selected in the simulations for saving computational
resources while ensuring the reliability of the simulation results.

6
- — H=300Ax
5t —o—J1=400Ax -
—a—JI=500Ax
4 e HI=600Ax
S 1=800Ax
=3 ]
2
1} /
0 0 5 10 15 20 25 30 35

1B,/2d
(b)

Figure 2. Trajectory and variation in the orientation with time for a rod-shaped squirmer with g =3

at Res = 0.5 (initial angle 6 = —nt/4, h = d): (a) trajectory and (b) orientation.

3. Results and Discussion

The swimming state of different types of rod-shaped squirmer is discussed in terms of
the action of the wall at different values of Re;. As shown in Figure 1, a single rod-shaped
squirmer could be made of i two-dimensional cylindrical squirmers connected in series,
where s was the distance between adjacent squirmer centroids. The diameter of a single
squirmer was d = 20Ax, and the Lagrange grids of the surface was 150. At the initial moment,
the squirmer was placed in the static flow with an azimuth angle of 6, as shown in Figure 1,
where the dashed line represents the far-field boundary and the solid line represents the
solid wall boundary without sliding and penetration. Moving grid technology was used
to ensure that the horizontal position of the mass center of the squirmer rod was located
at the center of the flow. When the mass center of the squirmer moved beyond a grid
from the horizontal center of the flow, the squirmer and the information of the flow moved
horizontally by a grid in the opposite direction. It has been proven that when L = 40d
and H = 27d, the squirmer’s trajectory does not change. Ouyang et al. [19] studied the
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effect of the wall surface on squirmer motion with a single squirmer, and found that when
the initial distance of the squirmer from the wall changed, the initial collision between
the squirmer and the wall was different, but the swimming mode was not changed. In
the present study, we found that Ouyang et al.’s conclusion was also applicable to rod-
shaped squirmers. Therefore, the influence of the initial azimuth angle and the initial
distance from the wall to the rod-shaped squirmer on its swimming state was no longer
considered in the present study, and attention was paid to the influence of different centroid
spacings of the squirmer s, squirmer numbers i and swimming Reynolds numbers Res on
the hydrodynamic properties of rod-shaped squirmers. Thus, the initial state of the front
squirmer was 6 = —7t/4 and & = d in all simulations. Given the position and azimuth of the
front squirmer, the position and attitude of the rod-shaped squirmer could be determined.

3.1. Basic Swimming State and Flow Structure of Rod-Shaped Squirmers

Figure 3 shows the change in the trajectory and azimuth of rod-shaped squirmers
with different values of . It can be seen that four swimming modes appear after the first
collision between the squirmer and the wall. (a) The squirmer with —9 < < —3 swims in
reverse in the region near the wall, with a negative azimuth angle, accompanied by periodic
oscillations of small amplitude. (b) The squirmer with 8 = —1 moves forward close to the
wall at an azimuth angle close to 0. (c) The squirmer with 0 < 8 < 1 swims vertically from
the wall at a positive azimuth angle. (d) The squirmer with 3 < <7 swims in the positive
direction and makes periodic motions of large amplitude at a certain distance from the wall.
Among the above four modes, the latter three swimming modes were observed through
experiments and simulations, while the first mode of reverse swimming was less common.

‘»
v

Initial
position

=30 -20

=10 0
x/d

(a)

Figure 3. Variations in the (a) trajectory and (b) azimuth of rod-shaped squirmers with time at
different values of B (Res =0.1,s =d, i = 2).

The pusher with a larger f would move in the opposite direction along the surface of
a cylinder, with its axis perpendicular to the flow because the vortex generated between the
squirmer and the wall exerted a strong force in the opposite direction on the squirmer [20].
This reverse swimming phenomenon can be explained by the far-field approximation
theory and the multipole expansion method, i.e., the occurrence of reverse swimming is to
satisfy the non-slip boundary condition at the fixed wall. The pressure distribution near
the swimmer is helpful for understanding the mechanism of reverse swimming for rod-
shaped squirmers, as shown in Figure 4, where the ahead of the pusher (8 = —5) is the
region with high pressure, and the rear is the region with low pressure (the unit of pressure
is lattice units in the LBM). This pressure distribution will weaken the forward swimming
caused by the driving force of the rod-shaped squirmer itself. When the driving force of
the rod-shaped squirmer cannot overcome the reverse pressure gradient in the head of the

150

100 ¢

05 1.0 15 2.0
B,/2d
(b)
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pusher, the reverse swimming phenomenon may occur. However, the pressure distribution
around the puller (8 = 5) is opposite to that of the pusher. The head of the puller is the
region with low pressure, and the rear is the region with high pressure. Therefore, the
rod-shaped squirmer with > 0 can maintain a forward swimming state.

P: -1.5x10° -5x107 5x107 1.5%10°

(a) (b)

w: -3x10° -1x10* 1x10* 3x10°

(d)

Figure 4. Pressure and vorticity distribution around a rod-shaped squirmer (Re; = 0.1): (a) pressure,
B = —5; (b) pressure, § = 5; (c) vorticity, B = —5; (d) vorticity, p = 5.

Changes in the translational and angular velocity of rod-shaped squirmers with
different values of B with time are compared in Figure 5. For the squirmer with -9 < <1,
the swimming velocity stabilized to a fixed value, which increased with an increase in the
absolute value of § and was greater than the steady swimming velocity in the infinite flow.
For the squirmer with 4 < 8 <7, the swimming velocity always fluctuated within a certain
range, which is consistent with the numerical results given by Li and Ardekani [16]. As
shown in Figures 3b and 5b, within the period of time before the squirmer collided with the
wall for the first time (i.e., the stage of tB1/2d changing from 0 to 0.20 in the small diagram
of Figure 3b), the azimuth angle of the squirmer with —1 < 8 < 1 increased linearly, and
the azimuth angle of the pusher (8 < —3) or puller (8 > 4) increased or decreased first
when swimming towards the wall; the rotational angular velocity of the puller was also
greater than that of the pusher. The direction of the angular velocity of the squirmer was
reversed when the squirmer was about to contact the wall, the azimuth angle of the pusher
or puller began to suddenly decrease or increase, and its rate of change increased with the
increase in the absolute value of 8. Brown et al. [34] and Ouyang et al. [19] indicated that the
hydrodynamic effect and degree of collision between squirmer and the wall were different
with different values of §, so the magnitude of the change in the squirmer’s azimuth before
and after collision was different. The degree of attitude transition of the squirmers with
different values of § at the wall determines its swimming mode.
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Figure 5. Variation in the velocity (a) and angular velocity (b) of rod-shaped squirmers with time for
different values of B (Res =0.1,s =d, i = 2).

As shown in Figure 3a, both pushers and pullers displayed the swimming mode of
periodic motion, and the amplitude of the periodic motion of the latter was much larger
than that of the former. This is because when the puller completed a collision with the wall
and started to swim away from the wall, the azimuth angle of the puller increased under
the hydrodynamic action, and the trend of swimming toward the wall caused by its own
driving force decreased correspondingly.

Figure 6 shows the distribution of flow velocity and the streamline when the pusher,
neutral squirmer and puller swam. When a single pusher or puller moved in an infinite
flow, there were four clusters of closed streamlines around it. The streamline distribution
of pushers and pullers near the wall was similar to that of a single squirmer, but a cluster
of closed streamlines near the wall was suppressed (for the pusher with = —5) or even
disappeared (for the puller with § = 5), and a small closed streamline in the opposite
direction developed between two adjacent squirmer gaps. This was because the pusher
formed a positive flow at the gap between the pusher and the wall, while the puller formed
a reverse flow at the gap between the puller and the wall, enhancing the development
of small vortices at the gap. The streamline distribution obtained in the present study is
similar to that given by Yazdi et al. [35] using perturbation theory when a single squirmer
moved near the wall. For the neutral squirmer, the streamline around the squirmer was
counterclockwise in the large area because the azimuth angle of the neutral squirmer
rotated to a proper position and escaped from the wall when it collided with the wall.

B T . N e . B T .
0 0.0004 0.0008 0.0012 U": 0 8x10 °0.00016 0.00024 U": 0 0.0004 0.0008 0.0012

(b) (c)

Figure 6. Distribution of the flow velocity and streamline: (a) B = —5, (b) =0, (c) B =5 (Res =0.1).
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3.2. Effect of Res

A simulation was conducted with a range of swimming Reynolds numbers, 0.1 < Re; < 2.0,
because there are many organisms living in this range. Four other swimming modes of
rod-shaped squirmers were found: (a) an octagonal motion, (b) a circular motion, (c) reverse
motion away from the wall and (d) motion away from the wall, accompanied by alternating
changes from clockwise to anticlockwise. The trajectories of rod-shaped squirmers at
different values of Re; are compared in Figure 7. For a pusher (8 = —5), its swimming mode
changed from reverse swimming with periodic oscillation to reverse moving away from
the wall when Res changed from 0.1 to 1.0. The amplitude of the periodic motion of the
pusher increased gradually when Res increased, and the periodic motion transformed into
a reverse motion away from the wall when the amplitude of the pusher increased to a
certain extent and it collided with the wall in a particular position at a certain time. The
neutral squirmer retained its vertical motion away from the wall when Re; increased, but
the slope of the trajectory increased with an increase in the Re;s. In Newtonian fluid, Res
only affects the trajectory of squirmers without changing the motion mode [19]. Figure 7b
shows the trajectory of the pullers with f =1 and g = 5. For the puller with g =1, its
trajectory transformed from a motion away from the wall to a periodic motion, and the
period and amplitude of the periodic motion decreased with an increase in the Re;, which
is similar to the results given by Li and Ardekani [16]. The change in the trajectory of the
puller with Re; was opposite to that of the pusher, and inertia weakened the attraction to
the pusher and enhanced the attraction to the pusher with a small 8. When Re; increased,
the puller with B = 5 displayed periodic motion, an octagonal motion and circular motion
in turn. Dustan et al. [11] studied the motion of microorganisms on the wall using a model
of two balls connected by a rod, and found a similar mode, where squirmers moved in a
circle at a certain distance from the wall.

Figure 7c shows two types of circular motion, i.e., when the trajectory and rotation
direction of the rod-shaped squirmer are clockwise circular motions (8 =7, Re; = 0.5 and
B =7, Res = 1.0), and when the trajectory and rotation direction of the rod-shaped squirmer
are both anticlockwise circular motions (B = 6, Res = 2.0). The puller (8 =7, Re; = 1.0) always
kept moving in a circle in one area, which would be conducive to the formation of biofilms
in nature. The puller (8 = 6, Res; = 2.0) moved in a direction parallel to the wall while making
a circular motion. The influence of inertia led to this difference. For the puller, there was
a transition region between the two modes of periodic motion near the wall and circular
motion, as shown in the area surrounded by the red dotted line in Figure 8. Octagonal
motion, and the motion away from the wall accompanied by alternating clockwise and
anticlockwise transformation are two transition states, as shown in Figure 7d.

For systematically analyzing the influence of Res on the motion mode of squirmer,
the motion mode of the squirmer for 0.1 < Re; < 2.0 and —9 < § < 9 is summarized in
Figure 8. It can be seen that Res has an obvious effect on the motion mode of the squirmer.
The puller with a large 8 often showed the circular motion mode. As Re; increased, the
puller with a relatively small § also showed the circular motion mode. For the pusher, no
circular motion mode was found. In order to reveal the possible reasons for this mode,
without losing generality, the influencing mechanism of inertia on the motion mode of the
pusher and puller (i = 2, s = d) was analyzed. At a finite Res, the flow state at the previous
time affects the motion of the squirmer at the current time, as shown by the blue solid
arrow in Figure 9, where the red arrow indicates the influence of the direction of the flow
on the deflected squirmer. It can be seen that when the angle of the puller was shifted
by a small disturbance during its movement, the flow at the previous moment pulled the
puller away from the original position, causing a greater rotational tendency and eventually
making the puller revolve on its own axis. This rotation on its own axis was the cause of its
circular motion. When f increased, the vorticity intensity also increased, which enhanced
the influence of inertia on the puller’s motion. Therefore, when Re; or 8 increased, the
puller tended to move in a circle. However, for a pusher, the flow at the previous time
pushed the deflected pusher back to the original position, so that the pusher did not have
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a great rotation tendency. Even if Re; increased, the circular motion mode of pusher did

not appear.
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Figure 7. Trajectory of rod-shaped squirmers at different values of Res (s =d,i=2): (a) f=—5,=0;
(b) B =1, B =5; (c) a circular motion; (d) motion trajectories of two transition states, i.e., octagonal
motion, and the motion away from the wall accompanied by alternating clockwise and anticlockwise

transformation.
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Figure 8. Motion mode of rod-shaped squirmers at different values of Res and (s =d, i = 2).
Mode 1: reverse swimming near the wall with periodic oscillation; Mode 2: close to the wall and
moving forward; Mode 3: swimming forward away from the wall; Mode 4: positive swimming
near the wall with periodic oscillation; Mode 5: octagonal motion; Mode 6: circular motion, where
the left-hand solid circle indicates that the trajectory and rotation direction of the squirmer are both
clockwise, and the right-hand solid circle indicates that the trajectory and rotation direction are both
counterclockwise; Mode 7: reverse swimming away from the wall; Mode 8: swimming away from
the wall with alternating clockwise and anticlockwise transformation. The red dotted line indicates
the area of mode transition.
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1

Puller rod

4
(a) (b)

Figure 9. Mechanism of the rotation tendency of a pusher and a puller at a finite Res: (a) puller;

VPP PP,

(b) pusher (s = d, i = 2). The black dotted line and the solid line represent the squirmer at the previous
time and the current time, respectively. The blue arrow indicates the flow generated by the squirmer
at the previous time, and the solid arrow indicates the influence of the flow at the previous time on
the squirmer’s motion at the current time. The red arrow indicates the influence of the direction of
the flow on the deflected squirmer.

The change in the motion mode of a squirmer can also be reflected in phase space, as
shown in Figure 10. For the pusher with g = —3, its trajectory in phase space eventually
became stable as a circle of finite size, and the area of the circular region increased with an
increase in Re;s, so increasing the Re; led to dynamic instability. For the puller with =3 and
the neutral squirmer with 8 = 0, the trajectories in phase space changed morphologically
with an increase in Re;, corresponding to the change in the motion mode of the squirmer.
For the squirmer with B = 7 in a circular motion, the trajectories in phase space were
disordered and difficult to describe. Lauga et al. [7] indicated that the circular trajectory
of microorganisms is a natural swimming mode without force and torque under the
hydrodynamic action of the wall. Here, we found that although the circular motion of the
squirmer was relatively stable, it also rotated continuously.
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Figure 10. Cont.
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Figure 10. Phase diagram of the trajectory of rod-shaped squirmers at different values of Res

(s=d,i=2):(@)p=-3b)B=3()=0;(d)p="7.

3.3. Effect of the Number of Assembled Squirmers i

The trajectories of rod-shaped squirmers with i = 2, 3, 4 are shown in Figures 11 and 12.
As shown in Figures 11a and 12a, the neutral squirmer moved away from the wall. With an
increase in i, the first collision time of the neutral squirmer became longer and the stable
azimuth of the squirmer decreased after the collision. The pusher with 8 = —1 moved
forward and was close to the wall for i = 2, 3, but kept away from the wall after the collision
with the wall and the azimuth angle kept increasing for i = 4. As shown in Figures 11b
and 12b, the puller with § = 3 moved periodically along the wall, and the amplitude of
the periodic motion slightly decreased and the period increased with an increase in i. The
puller with § = 6 made an octagonal motion for i = 3, 4, but made a circular motion for i = 2.

- 7.

6F

!

| =a}
/S
."—'-.'- 1
10 1l =3
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Figure 11. Trajectory of rod-shaped squirmers with different values of i (Res =0.5,s =d): (a) = —1
and B=0;(b) =3 and B =6.
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Figure 12. Change in the azimuth of rod-shaped squirmers with different values of i (Re; = 0.5, s = d):
(@fp=—land f=0;(b) =3 and g =6.

Ouyang and Phan-Thien [36] studied the motion of rod-shaped squirmers in an infinite
flow, and found that the larger i is, the less likely the squirmer is to deviate from the original
swimming direction. However, the present results showed that the rod-shaped squirmer
rotated under the action of the wall, and the degree of the effect of the flow at the previous
moment on the squirmer’s motion was different for squirmer with different values of i. The
difference in the flow structure around the squirmer and its own inertia (mass, moment of
inertia) resulted in a greater rotational tendency of the squirmer with small values of i and
was more likely to display the form of circular motion.

3.4. Effect of Adjacent Squirmer Spacing s

The trajectories of rod-shaped squirmers with adjacent squirmer spacing s = 0.75d, d
and 1.5d are shown in Figure 13, where the change in s only affects the trajectory of the
squirmer without changing its motion mode. The neutral squirmer showed a motion mode
away from the wall, and the collision time of the squirmer with the wall increased with an
increase in s. The puller with f =7 made a circular motion, and the larger s was, the larger
the radius of the circumferential trajectory was.
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Figure 13. Trajectory of rod-shaped squirmers with different values of s (Res = 0.5, i = 2): (a) = —3
and B=0;(b) f=4and B =7.
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The changes in the velocity of rod-shaped squirmers with different values of s are
shown in Figure 14. For the pusher with § = —3, the larger s was, the smaller the swimming
velocity was, but the change trend of velocity with s was opposite for the puller with  =9.
This is attributed to the fact that the vorticity between adjacent squirmers was suppressed
when s changed, which affected the effect of inertia. The movement mode of squirmers
changed when Re; or i changed, but the mode did not change when s changed. The reason
is that, as shown in Figure 15, the moment of the squirmer caused by the flow at the
previous moment is larger when s increases, but its own moment of inertia is also larger,
which results in similar rotational tendencies and ensures the stability of the swimming
mode when s changes.
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Figure 14. Change in the velocity of rod-shaped squirmers with different values of s (Res; = 0.5, i = 2):
(@)p=—-3and f=0;(b)f=4and p=7.

\

Figure 15. Mechanism of the rotational tendency of pushers and pullers with different values of s:
(a) s =0.75d; (b) s = 1.5d.

4. Conclusions

The hydrodynamic characteristics and swimming mode of a rod-shaped squirmer
swimming near a wall at a finite Reynolds number were studied numerically using the
immersed boundary-lattice Boltzmann method. The swimming behavior of squirmer
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and the flow structure are presented, and the effect of the distance between two adjacent
squirmers, the number of assembled squirmers and the Reynolds number on the swimming
mode of the squirmers was explored. The main conclusions are summarized as follows:

(1) There are four swimming modes after the first collision between the squirmer and
the wall, i.e., (a) swimming reversely in the region near the wall with a negative azimuth
angle, accompanied by periodic oscillations of small amplitude; (b) moving forward close
to the wall at an azimuth angle close to 0; (c) swimming vertically from the wall at a positive
azimuth angle; (d) swimming in the positive direction and making periodic motions with a
large amplitude at a certain distance from the wall.

(2) There are four swimming modes when Re; changes from 0.1 to 2.0, i.e., (a) an
octagonal motion, (b) a circular motion, (c) reverse motion away from the wall and
(d) motion away from the wall accompanied by alternating clockwise and anticlockwise
transformation.

(3) Puller, pusher and neutral squirmers show different swimming modes when the
number of assembled squirmers i changes. Rod-shaped squirmers will rotate through
the action of the wall, and the degree of the effect of the flow at the previous moment
on the squirmer’s motion is different for different values of i. The difference in the flow
structure around the squirmer and its own inertia results in greater rotational tendency of
the squirmer with a small i and is more likely to appear in the form of circular motion.

(4) The change in the distance between two adjacent squirmers s only affects the
trajectory of the squirmer without changing its motion mode. Puller, pusher and neutral
squirmers show different swimming modes and velocity changes when s changes.
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