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Abstract

This work presents an immersed boundary–lattice Boltzmann
method for free-swimming sperms in an incompressible viscous
fluid. This method involves sperm model, fluid solver and fluid–
structure interaction (FSI). The sperm is simplified as a nonlin-
ear beam. To drive the swimming motion, an internal moment
is introduced into the beam equation. The fluid dynamics is ob-
tained by solving the lattice Boltzmann equation. The FSI is
handled by the immersed boundary method. Two numerical ex-
amples, one single sperm swimming in quiescent viscous fluid
and two sperms in tandem arrangement, are presented to illus-
trate the efficiency of the present method.

Introduction

During their journey up the oviducts, only the few strongest
sperms (out of hundreds of millions) will ever reach their des-
tination. The winners have to swim in the right direction over
distances that are around 1,000 times their own length in an
extremely viscous fluid. During this journey, the sperms are
exposed to different currents, and thus may utilise the hydro-
dynamic interaction benefit from other sperms around them or
the oviduct walls so that they have a better chance to reach their
destination. The underlying flow physics is complex and still
has not been fully understood. Therefore, a numerical model
for free-swimming sperms is a demanding task.

Among a variety of numerical methods (see Ref. [4] for a brief
review), the immersed boundary method (IBM), first developed
by Peskin [9], is extremely efficient for sperm swimming. An
IBM was developed by Fauci and McDonald [6] to study the
fluid dynamics of sperm motility near both rigid and elastic
walls. Dillon et al. [5] developed a model to consider the motil-
ity of sperm flagella and cilia based on a common axonemal
structure. More recently, Qin et al. [11] numerically studied the
motion of a small swimmer in a viscous fluid by using the IBM.
In their model, the force of the interaction between the swimmer
and the fluid was calculated with a feedback law. With a pre-
scribed traveling wave beating, the swimmer was propelled by
the interaction force according to Newton’s second law. Similar
dynamic model has been extensively used for fish propulsion
simulation [4, 13, 17, 21]. In the present work, we develop an
immersed boundary–lattice Boltzmann method (IB-LBM) for
free-swimming sperms in an incompressible viscous fluid.

Mathematical formulation and numerical method

Sperm dynamics

The geometrically nonlinear motion for the sperm is described
as
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wheres is the Lagrangian coordinate along the length from the
leading edge to the tail,T(s) = Ks(| ∂x

∂s |−1) is the tensile stress,
Ks is the stretching coefficient,Kb is the bending rigidity,Kv is
the viscous damping coefficient,X is the position vector of a
point on the sperm,n is the normal vector,M(s, t) is the internal

driving moment, andF f is the hydrodynamic stress exerted by
the ambient fluid. The sperm is able to achieve different swim-
ming gait by controllingM. Please note that we ignore the head
of the sperm so that we can focus on the driving moment model.

Lattice Boltzmann method for incompressible viscous flow

The incompressible viscous fluid dynamics is approximately
achieved by using the weak compressible LBM [1, 3]. In
this method, the fluid kinematics is governed by the discrete
lattice Boltzmann equation (LBE) of a single relaxation time
model [1, 3,14],
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wheregi(x, t) is the distribution function for particles with ve-
locity ei at positionx and timet, ∆t is the size of the time step,
geq

i (x, t) is the equilibrium distribution function,τ represents the
nondimensional relaxation time, andGi is the body-force term.

Here we use a two-dimensional nine-speed (D2Q9) model
which has nine possible particle velocities,
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where∆x is the lattice spacing. In Eq. (2),geq
i andGi are ob-

tained by [7]
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whereωi are the weights given byω0 = 4/9, ωi = 1/9 for i =
1 to 4 andωi = 1/36 for i = 5 to 8, u = (u,v) is the velocity
of the fluid,cs is the speed of sound defined bycs = ∆x/

√
3∆t,

andf is the body force acting on the fluid. The relaxation time
is related to the kinematic viscosity in terms of

ν = (τ−0.5)c2
s∆t. (5)

Once the particle density distribution is known, the fluid density,
velocity and pressure are then computed from

ρ = ∑
i

gi , u = (∑
i

eigi +0.5f∆t)/ρ, p= ρc2
s. (6)

Immersed boundary method

The immersed boundary method [10] is extended to handle the
moving boundary. In this method, the boundary condition is
taken into account by spreading the surface force onto the volu-
metric fluid grids in the vicinity of the boundary and treating it
as a body force, according to,

f(x, t) =
∫

F(s, t)δD(x−X(s, t))ds, (7)



whereF(s, t) is the Lagrangian force density on the fluid by the
elastic boundary,δD(x−X(s, t)) is Dirac’s delta function. Since
F(s, t) is the reaction force ofF f in Eq. (1), it can be written as

F(s, t) =−F f = Fv(s, t)+Fs(s, t)+Fb(s, t)+Fd(s, t), (8)

whereFv, Fs, Fb andFd are respectively the viscous, stretching,
bending, and internal driving forces, and are given by
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The velocity of the sperm is interpolated from the flow field,
and the position of the sperm is updated explicitly, i.e.,

U(s, t) =
∫

u(x, t)δD(x−X(s, t))dx, (9)
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= U(s, t), (10)

whereU(s, t) is the velocity of the sperm.

A 2nd-order finite-difference scheme is used to computeFs, Fb
andFd. The time integration of Eq. (10) is conduced according
to

Xn+1 = Xn+∆tUn+1. (11)

The immersed boundary-lattice Boltzmann method in this work
has been validated and verified in our previous studies (see e.g.
Refs. [14, 19]), and has been used to study filament(s) flapping
in viscous fluids [12, 15, 16] and cell/particle flows [18, 20]. In
the present work we do not repeat the validations, as the driv-
ing moment and viscous force are introduced into the structure
dynamics without introducing new numerical difficulties.

Numerical examples

A Single sperm swimming forward

We first consider a single sperm swimming forward in an in-
compressible viscous fluid. The driving moment is given as a
traveling wave,M = Asin(2π(s−ct)/λ), whereA is the ampli-
tude,λ is the wavelength, andc is the phase speed. The length
of the sperm at maximum extension isL. The fluid density
ρ, phase speedc and sperm lengthL are used as the reference
quantities, and the governing non-dimensional parametersare:
Re= ρcL/µ = 2, A/(ρc2L2) = 0.4, L/λ = 2, Kb/(ρc2L3) =
0.02, Ks/(ρc2L) = 3200, andKv/(ρc) = 0. The computa-
tional domain is a 40L × 20L rectangular box discretized by
2001× 1001 uniform Cartesian nodes. The sperm is initially
located at(35L,10L) at steady state and approaches to a virtual
target at(0,10L). In order to maintain its swimming direction,
a control moment is applied if its direction is not the same as
that pointing from its position to the target.

Figure 1 shows the sperm profiles during start and steady swim-
ming stages. From Fig. 1(a) it is found that a traveling wave
will be generated when a moment traveling wave is applied,
and thus, a forward swimming motion will be driven. After
an accelerating stage, the sperm performs steady swimming as
shown in Fig. 1(b).

The leading edge trajectory, and speeds inx- andy-directions
are shown in Fig. 2. It shows that the swimming path is an up-
and-down wave which is due to the sinusoidal driving moment.

(a)

tc/L=0, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24 and 0.28

Swimming direction

(b)

15<tc/L<16,∆tc/L=0.04

Swimming direction

Figure 1: (a) Start stage and (b) steady swimming stage.

The sperm does not directly swim to the target point. Instead,
the swimming direction biases to left first, and then is adjusted
to right. Finally, the sperm swims directly at the target. The
deviation during the start is due to the asymmetric moment. A
continuous control moment is applied to adjust the swimming
direction. This start-adjustment stage happens in the first9 or
10 cycles, as shown in Fig. 2(b). Furthermore, the average for-
ward swimming speed is close to 0.95. This number is different
from other simulations [13] in fish swimming. This is caused by
the control moment which also contributes energy to propel the
sperm. In addition, the lateral swimming amplitude is 0.3, and
is much larger compared to that observed for fish swimming [2].
This is due to the low Reynolds number or high viscous force
in the present application.

Figure 3 shows the instantaneous vorticity and pressure con-
tours attL/c=15.0. It is found that there is no vortex street
in the wake. This observation is different from the traveling
wave propulsion of fish [4], but similar to the traveling surface
propulsion [13]. Ref. [13] also reported a backward jet outside
the shear layer near the traveling surface. However, we do not
observe such a jet for the sperm swimming due to the highly
viscous fluid in this application. Therefore, the thrust is gener-
ated by the high pressure on the leeward side and low pressure
on the upwind side, as demonstrated in Fig. 3(b).

Two sperms in tandem arrangement

As a second application, two sperms initially located in tan-
dem, are considered. The initial locations of the sperms are
(35L,10L) and (33.2L,10L), respectively, with initial separa-
tion between two sperm being 0.8L.

Figure 4 shows the sperm profiles during start, unstable and reg-
ulating stages. It is found that there is no significant difference
between single sperm and two sperms in tandem arrangement
at the start stage. However, the two-sperm system loses its sta-
bility when two sperms are close enough, and both deviate from
the correct direction at a distancex/L= 15 from the target point,
which is due to the high pressure near the head of the trail-
ing sperm. When the sperms detect the deviations, the control
moment is activated to adjust the forward swimming direction.
This adjustment process can be demonstrated by profiles shown
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Figure 2: (a) Leading edge trajectory and (b) speeds inx- and
y-directions.

in Fig. 4(c).

The leading edge trajectories, andx- andy-direction speeds of
the sperms are shown in Fig. 5. At the starting stage, simi-
lar swimming deviation is observed, and soon the swimming is
tuned to the right direction. We also note that the acceleration of
the two-sperm system is larger than the single sperm, and that
the forward speed of the two-sperm system is larger. Therefore,
the two sperms enjoy benefits from the interaction in terms of
acceleration and forward speed. During the unstable and regu-
lating stages, the speed of the trailing sperm is larger compared
to that of the leading one, and soon the trailing one catches up to
the leading one, as shown in Fig. 5(a). If larger computational
domain and longer time are applied, the process that the leading
one catches up to the trailing one can be captured. These phe-
nomena imply that there are both collaboration and competition
between two sperms [8].

Figure 6 shows the instantaneous vorticity contours attc/L =
15.0 when the instability occurs. The major difference com-
pared to the single sperm case is the asymmetrical structureof
the leading sperm with respect to its mid-perpendicular. This
phenomenon is caused by the pressure-induced instability,and
further disturbs the swimming gait.

Conclusion

A numerical approach combining the immersed boundary
method and the lattice Boltzmann method is introduced to sim-
ulate fluid–structure interaction (FSI) of free-swimming sperms
in a highly viscous fluid. This method is composed of three
parts: a sperm model simplified as a nonlinear beam, fluid
solver using the lattice Boltzmann method, and FSI achievedby
the immersed boundary method. Two numerical examples are
conducted to illustrate the effectiveness of the present method.
The first case is a single sperm swimming in a quiescent fluid.
The numerical results show that both driving and controlling
moments work properly to drive the swimming motion and to
control the swimming direction, respectively. The other case is
two sperms initially located in tandem. It is found that the two
sperms enjoy benefits from the interaction in terms of accelera-
tion and forward speed. In addition, the trailing sperm catches

(a)

(b)

Figure 3: (a) Vorticity contours and (b) pressure contours at
tL/c=15.0.

up to the leading one after an unstable-adjusting process im-
plying that there is both collaboration and competition between
two sperms.
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