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COMPUTER SIMULATIONS OF PROPULSION OF
SELF-PROPELLED FLEXIBLE NANOBODY

Ye Luo, M. S. E.

Western Michigan University, 2015

Swimming bodies such as flagellum and fishes are found everywhere in liquid
environment. The research of simulation of swimmers is one of the most important
branches among the field of biophysics. This study focus on the direct computer
simulation of self-propelled flexible nanobody in fluid field.

Two new objectives is studied based on the previous research of Tai-hsien Wu
and Dewei Qi (2014)[1]. In Wu’s article, the front end of micro swimming body is
fixed and the migration of swimmers is neglected. For a further study, one of new
targets is to release the head in 3-D simulation fluid area. Then the swimming body
will gain thrust through the flapping of the filament. Besides, the flapping mode
shape with high Reynolds number is worth to study since seldom articles can be
utilized. Furthermore, another new objective is that two-body system will be
introduced. In this study, we focus on the tandem configuration and the front
swimmer influence on the rear one through interaction of flow distribution.
Simulation results of single fiber and two-body system is in keeping with previous
studies very well.

For the theoretical support in this research, Lattice Boltzmann Method, General
Lattice Spring Model and Immersed-boundary Method are introduced to respectively

simulate structure of fluid, solid and interaction between fluid and solid.
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1.Introduction

Our world is filled with swimming bodies. The research of simulation of
swimmers is one of the most important branches among the field of biophysics. It is
a comprehensive research area with biologists, mathematicians, chemists,
pharmacologists and engineers of chemical, biotechnology, etc engaged on. The
simulation of microorganism swimmers is applied widely in the area of medicine,
pharmacology, environment treatment, biotechnology and chemical engineering.

In 1951, Taylor (1951)[2] firstly explained how microorganisms could propel
itself using the viscous force and set up the theoretical mathematic model. In 1958,
the locomotion pattern of flagella-like swimmer was calculated by Machin (1958)[3].
In 1977, Purcell (1977)[4] introduced the general “scallop theorem” to provide more
inside calculations about flagella-like motions. The Scallop theorem states that to
achieve propulsion at low Reynolds number in Newtonian fluids a swimmer must
deform in a way that is not invariant under time-reversal. In 1998, Wiggins et
al.(1998)[5][6] introduced a new theory, elastrohydrodynamics, to compared with the
experimental results and obtained good agreement between theory and experiment.
Since then, elastrohydrodynamics played a significant role in the field of
microorganism swimmers simulation due to predicting the shape pattern and the
propulsive force of flagella in fluid successfully.

In addition to the theory development, the experimental observations of
microorganism swimmers were also preferred elsewhere, such as Wiggins &
Goldstein (1998)[6] observed the shape pattern and then they proposed the bending
modul for the flagella; Yu et al. (2006)[7] measured the propulsive force of the
swimming flagella; Pak et al. (2011)[8] designed a flexible nanowire motor to give
high-speed propulsion for the flagella; Lagomarsino and Lowe et al. (2003)[9] used
the slender body theory to simulate the flagellum locomotion and Eric & Powers

(2009)[10] summarized theoretical and experimental studies for the hydrodynamics



of swimming microorganisms.

However, generally the simulations are based on models that similar to real
swimmers while the methods of simulations are presented seldom. In this project, a
numerical experimental method which combines generalized lattice spring model
(GLSM) and the immersed-boundary lattice Boltzmann method (IBLBM) will be
applied.

Moreover, the study of swimming body means much wider field of computer
simulation --- not only the microorganism swimmers, but also all flapping swimming
motion. So it is important to found a generalization of swimming bodies.

Before this study, seldom articles focus on undulation flapping in three
dimension flow distribution at high Reynolds number. Some researches establish a
flow field in three dimensions while fail to perform a high Reynolds Number case.[11]
Some researches only succeed in 2-D flow field.[12] And also, lots of them employed
the traditional computational fluid dynamics methods (CFD) for fluid simulation.
Comparing to Lattice Boltzmann method which we use in this study, traditional
method has simpler governing equations but more difficulty for coding program.

Two-body system is also studied in this research and results are reported and
compared with previous study in 2-D flow field by traditional method.[13] Detailed

information will be given in the section of simulation set-up.



2.Theoretical Support

2.1. Lattice Boltzmann method

Lattice Boltzmann Method is a relatively new simulation technique for complex
fluid systems and has several advantages over other conventional computational fluid
dynamics methods. Instead of solving the Navier—Stokes equations, the discrete
Boltzmann equation is solved to simulate the flow of a Newtonian fluid with collision
models such as Bhatnagar-Gross-Krook (BGK).

In LBM, a group of lattice nodes are used to represent fluid. Each node has
distribution functions f and discrete velocity ec.ois the order number of direction
which depends on different models and will be discussed in later section. The
Boltzmann equation with BGK single relaxation time is

foletent+1) = £~ [0 — £, 0)]

where £79(X,t) is the equilibrium distribution function at position r and time t

21 = wopy(1+3(eq ) 2 (e W2~ (u W)

The macroscopic fluid density p and the momentum density are given as

Pr =Zfa
pru =Zfaeo

Lattice Boltzmann models can be operated on a number of different lattices, both
cubic and triangular, and with or without rest particles in the discrete distribution
function.

In this study, the D3Q15 lattice model is employed. Here "D3" stands for "3
dimensions"” and "Q15" stands for "15 nodes". Figure 1 shows illustration of D3Q15

model.
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Figure 1 D3Q15 lattice model

In this model, the lattice velocities are defined as

(01010) o=20
e; =1(£1,0,0),(0,£1,0),(0,0,£1) o=1
(£1,£1,£1) o=2

and the weight coefficients are given by

2/9 06=0
W = 1/9 o=1
1/72 o=1

and the kinematic viscosity is related to the relaxation time

1 1
v = § (T - E)
2.2. Immersed-boundary lattice Boltzmann method

Immersed-boundary lattice Boltzmann method (IBLBM) is a numerical method
which combines the lattice Boltzmann method and the immersed-boundary method
(IBM). The IBM coupled with LBM was presented by Feng & Michaelides (2004)
[14]and Wu & Aidun (2010) [15]. IBM solves the fluid-solid interaction problem.

In IBM, fluid nodes are applied to a regular Eulerian grid, so every boundary
solid node will not coincide with the exactly adjacent fluid node. Then, the fluid
velocity at the boundary solid node can be derived from the fluid velocity of the
surrounding fluid nodes, which is given as the discrete Dirac Delta function (Peskin,

2002) [16]
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—1 —J)(1 —) (1 — Ir| < 2h
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where h is the lattice length. The fluid velocity us at the position of the solid boundary
node is given by
us(rf,t) = f u(ry, )D(r! —r?)dr!
In

where IT and 2h mean that fluid nodes are within a spherical volume IT of a radius of
2h, centered at a given solid node. r° is the boundary solid position and r' is the
position of the lattice fluid nodes within the sphere as shown in Figure 2. The small
circles represent fluid particles and the blue small squares represent solid particles;
large circles represent spheres around their central solid particle; squares with the
thicker edges are the boundary solid particles which directly interact with their
surrounding fluid particles within a sphere. For instance, as in Figure 2 b), step 1
shows that the flow velocities of fluid particles u(r!,t) are interpolated to their
central the k™ solid particle and step 2 shows that the reaction force of the k™
boundary solid particle on the fluid is interpolated to the surrounding fluid particles.
The arrows denote the direction of interpolation in step 1 and step 2. Under the

condition without slipping, the boundary solid node velocity u,(r?,t — 1) is equal to
the fluid node velocity uf(rb,t), and thus the difference of velocities represents the
interaction force F™ on the solid boundary over one time step as

F(r?, ) = pe(up(r?, t) — us(r?, t — 1))

Then the discrete Dirac delta function is employed again to distribute the reaction
force to the surrounding fluid nodes
g(rit) = —J F™ (r?, t)D(r! — r?) dr?
r
where g(rl,t) is the distributed reaction force and I' is a spherical volume of a radius
of 2h, located at r!. Force distribution process is illustrated in step 2 of Figure 2 b).

Finally, the reaction force term is added to the Boltzmann equation as



fo(r+egt+1)=fo(r,t) - —[fa(r £) = f5(r,0)] + 3w, (g - €5)

stepl

step2

Figure 2 Fluid and solid particles in IB-LBM, and two steps of velocity and force interpolation
2.3. Generalized lattice spring model

In microscopic space, the intermolecular force can be regarded as to conform to
the Hooke’s law. Based on this idea, the concept of lattice spring model (LSM) is
provided by Buxton et al. (2005)[17] to simulate the elastic structure. The model
includes two core parts: 1) Mass nodes space regularly initially; 2) Two adjacent
nodes are linked by harmonic springs. In this way, the spring energy U; acted on the

™ node is given by

1 2
= Eks Z(rij — Ioij)
J

where k is the spring coefficient; ry; is the equilibrium length of the spring
between two neighboring particle i and j; j is the nearest neighboring solid particle of
the i™ solid particle; and r;; = r; —1;. The spring force is a two body central force
which allows either extension or compression between two solid particles. However,
this kind of spring force cannot handle bending deformation precisely; the generalized
lattice-spring model (GLMS) will be introduced to describe an additional three body

force among solid particles. The angular energy U is shown as



1
Uit = Ekaz Z (Bijic — Boiji)*

j kk#j
where k, is the angular coefficient; j and k are the nearest neighboring solid particles
of i" solid particle; 6;jx 1s the angle between the bonding vectors rj; and the bonding
vector rix; 8, is the corresponding equilibrium angle. Then the elastic force F;j on
the i™ solid particle can be computed from the gradient of the total energy.
F, = —V(U; + UM
If the solid structure is isotropic, the elastic modulus of the solid body can be

related to the spring and angular coefficients by

E=—
To
Gz4ka

2

To
where E is the Young’s modulus of the deformable solid body and G is its shear
modulus. The derivation of the relationship between k¢ and E and the relationship
between k, and G is presented in Wu’s article (2014) [1]. Then the total force drives

the movement of solid particles

Ft = F, + Fnt

[T

Figure 3 The illustration of GLSM
2.4. lattice Boltzmann flexible particle method

Another numerical simulation method, the lattice Boltzmann flexible particle

method(LBFPM), has been successfully used to simulate fluid-structure interactions



by Qi et al.(2010)[18] and Liu et al. (2011)[19].
A flapping of a flexible swimming body in fluid flows at a given Reynolds number
will be simulated by the present method and the results will be compared with those

by using the Lattice Boltzmann flexible particle method.



3.Simulation Set-up

3.1. Single swimming body

Essentially, this research studies the locomotion patterns of solid swimming
bodies in 3-D lattice Boltzmann flow field. In detailed, a self-propelled swimming
body is driven by the vertical oscillation, and the simulation is performed in a 3-D

fluid box.

z

'

Figure 4 Simulation set-up for single swimming body

At the initial time, the solid swimming body is set up in the center of the whole
flow field. For the structure of swimmer itself, as shown in Fig.5, the swimming body
is constituted by 180 solid particles which are linked each other by spring model. The
180 particles combine and form a rectangular cuboid sizing 3 X3X20 respectively
corresponding to X, Z and Y directions. The length of the solid body is along with Y
direction in which we regard as migration direction. The vertical oscillation is set up
in the Z direction. Since X direction has no contribution to the flapping or migration,
in this article, any tiny motion in X direction will be ignored.

Corresponding to setting of three directions, fluid flow box is set up as a
rectangular box of sizes [0 30], [0 300], [0 90] in X, Y and Z direction. And digits mean
fluid nodes in LBM. The periodic boundary is introduced to eliminate influence of
boundary. Then the flow field can be regarded as infinite in a sence.

The flapping pattern is deducted from equations of harmonic motion, shown as
9



below
Z(t) = Asinwt

where z stands for the direction of swing of swimming body; z, is the
amplitude; w is the flapping angular frequency and t is time. This equation forces
each particle which combines the whole swimming solid part to the particular place
and then mimic the real swimming body. Then the maximum of velocity of driven
point can be described as

Vmax = A

To investigate the performance of cases with different physical quantities, such
as Reynolds number, dimensionless bending rigidity, size of swimming body,
separation distance and etc., one parameter is varied while keeping others fixed.
Through the studying of subsequent locomotion patterns, we validate success of this
research.

Among different kinds of physical variables which effects on the propulsive
performance, the flexibility of swimming body is a key influencing factor. In this study,
three kinds of cases are chosen for one case at low Reynolds number and two cases

at high Reynolds number. Table 1 shows basic input settings for every case.

Table 1 Basic input setting of cases with different Reynolds number

Re A f(Hz) Ps Pt My
Case A 5 9.0 0.679775 1.0 1.0 0.16
Case B 75 9.0  10.196568 1.0 1.0 0.01
Case C 100 9.0 13.867332 1.0 1.0 0.01

where Re is Reynolds number, A is amplitude, f is flapping frequency, ps is solid
density, pf is fluid density and uf is fluid viscosity. All parameters listed above are in

LBM units excepting flapping frequency.

3.2. Two-body system

Two-body system simulation begins with the initial setup of a tandem
configuration as figure 5. For each fiber, the setup is exactly same as that of single

fiber. In this research, we find the optimum solid rigidity in single fiber section and

10



then introduce to two-body tandem system. The separation distance is known as the
distance between center mass of front and rear swimming bodies. It will be evolved

along with time period and is the key result for this research. The cases are listed in

Table 2 Basic input setting of cases with 0° and 90° phase difference

Re El Ad Dy;
CaseA 75 0.016 0° a)l.5 b)2 ¢)2.5 d)3
CaseB 75 0.016 90° a)l.5 b)2.2c)2.6 d)3 e)4

where term A¢ is phase difference. Dy; is the initial separation distance.
Since all length are normalized by the length of swimming body (which in this
study is 20). It is easy to derive that when Dyi = 1, two swimming bodies are in

contact.

Figure 5 Simulation set-up for tandem configuration

11



4.Results and Discussion

4.1. Single swimming body

4.1.1. Propulsive performances quantification

To quantify the propulsive performance, some physical parameters are
introduced as follows. Frist, the migration of center mass functioning of time period
can visually illustrate the locomotion of swimming body. In this study, since Y

direction is set up as the migration direction, migration function is as

Y
==f®

=
where Y/L means normalized location in which L is the length of swimming body and
tis the time period in keeping with flapping undulation cycle.

Second, the Y-velocity V, is defined as the average velocity of every solid particle

in direction of migration at each time period,

1 180

Vy = —@ . (Uy)dS

where v, is velocity of each particle in Y direction and s is index of solid particles. All
velocity mentioned in this study is normalized by the maximum velocity in Z
direction.

Then the Z-velocity Vz is defined in the same way, and known as flapping

velocity,

180

V, = ~180), (v,)ds

And cruising speed U, is defined as the average migration velocity of swimming

body after reaching steady state (absence of acceleration).
1 t2
Ur=—— V,)dt
c=-x) O

Third, drug coefficient Cy4 for each time step is collected from combining all

12



fluid-on-particles force in Z direction. It is the force calculated by second order

derivation of migration in essence.

1 180 GZZ
=—— —)d
Ca="Tg0J, <6t2> )

Power coefficient C, is defined in another way. It is employed to measure the

average output power required to produce the forward migration of solid swimming

180 aZY aY
Cf‘fo (W)(E)ds

In essence, power coefficient is the product of that velocity times force. And the

bodies. It can be integral as

average power coefficient in section 4.1.3 is calculated after reaching steady state.

Then, propulsive efficiency n is simply defined as
Uc

Cp

n
At last, for describing the physical properties of solid swimming body, rigidity El

and Reynold number Re are introduced and defined as follows

nEr,1;,°3

El = ~~a’b
31,
AwL
Re = —
My

where E is Young’s modulus, r; and r, are half of width and height of the swimming
body, I, is bond length which is 1 in simulation units, A is flapping amplitude, w is
angular frequency of flapping undulation, L is length of the swimming body and p is
fluid viscosity. All parameters should be converted from simulation units of input

data to real units by unit factors.

4.1.2. Effects of flexibility on periodic V,, V,, C4and C,

Periodic graphs directly indicate the flapping locomotion pattern of swimming
body in one period after reaching steady state.

Since the migration of swimming body only occurs in Y direction, average

13



velocity in this direction is introduced to stand for forward velocity V,. Fig.7 shows
effects of flexibility on forward velocity for all cases in this research. For each time
step, velocity is calculated by averaging every solid particle’s velocity at this moment.
The velocity of each particle is added by two parts, the undulate deformation of
swimming body and the cruising speed. The swimmer moves forward or backward
uniformly, so the flapping of swimming body causes the undulation. Graphs a) and b)
in Figure 6 suggest along with the increasing rigidity, both the relative position and
undulate range of forward velocity increase while graphs c)&d) and e)&f) in Figure 6
shows a trend of increasing before a maximum and decreasing then. In other words,
Either at low or high Reynolds number, a maximum seems existing along with the
changing rigidity. Actually, these phenomena match with the evolution of cruising
speed on rigidity very well and will be discussed in next section.

Average velocity of all solid particles in Z direction is introduced as flapping
velocity V,. The patterns of flapping velocity are similar to each other for all cases
with low or high Reynolds Number (see figure 7). The whole trend is that for the case
of higher cruising speed, the amplitude of the flapping velocity is higher. This
connection is obvious that larger range of flapping results into higher propelling and
then, higher forward speed. It will be discussed in the section of mode shape at full
length.

Drug coefficient C4 for each printed time step is collected from combining all
fluid-on-particles force in Z direction. For cases with same Reynolds number, the
periodic patterns are similar to each other (see figure 8). The amplitude of drug
coefficient is in keeping with amplitude of flapping velocity because both of them

describe undulation of flapping essentially.

14
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Figure 6 Effects of flexibility on forward velocity.

figure a) and b) corresponds to case of Re = 5, which is case A in Table 1, figure c) and d) to
case B of Re = 75, and figure e) and f) to case C of Re = 100. Same cases corresponding in

figure 8, figure 9 and figure 10.
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Figure 7 Effects of flexibility on undulation velocity
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Figure 8 Effects of flexibility on drug force

The periodic changing of power coefficient in one cycle has the same trend with

forward velocity. Figure 9 also shows a possibility of maximum of forward power

which is confirmed and fully discussed in next section.
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Figure 9 Effects of flexibility on power coefficient

4.1.3 Effects of flexibility on U, C; and n

The evolution of normalized cruising speed along with the increasing flexibility

known as El is shown in the Figure 10. And for each case in the figure, the

18



parameters are listed in the Table 1 as the reference. Essentially, for the cases A, B
and C, we change the flapping frequency f to gain given Reynolds Number. In case A,
the fluid viscosity is also changed to keep the period steps of swimmers.

The overall trend in all cases in figure 10 shows a global maximum will be
achieved at a point which can be regarded as an optimal point. Some similar results
of the cruising speed depending on rigidity were also reported in the Zhu’s article
which focused on the 2-D flow area (Zhu, X., 2014) [12] and Lee’s article at low
Reynolds Number(Lee, J., 2013) [20]. Unfortunately, being limited to the mathematic
model of Lattice Boltzmann Method which we employed, it is hard to run cases with
normalized Young’s modulus higher than 0.82. Besides, local maximum of cruising

speed is also found in case B.
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Figure 10 Normalized cruising speed as a function of rigidity EL
a)case A, b)case B and c) case C in Table 1.
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115

Figure 11 Power coefficient as a function of rigidity EI.
a)case A, b)case B and c) case C.

For all cases, the graphs of power against El (see figure 11)have the similar curve
comparing to the graphs of speed against El. This is very simple to understand that
higher propulsive force results into fast forward migration. However, because of
different efficiency for changing rigidity, the graph of C, and U, are not selfsame.
Case C as an example, the rigidity around El = 0.15, lower C, leading to higher U,
contrasts with rigidity of El = 0.02 in which same C, leading to a negative U..

The propulsive efficiency is the quotient by U./C,. Due to the small changing of
power coefficient, the graph of efficiency (see figure 12) has similar evolution with
graph of cruising speed. From the original data, for all cases in this study, rigidity
which leads to maximum of cruising speed also leads to maximum of efficiency. In
the cases with Re=100, case of EI=0.065 and case of EI=0.087 have very similar

cruising speed but different power coefficient, and then maximum of efficiency
20



occurs for EI=0.087. Thus, it is preferred to consider the case with maximum
efficiency as optimal point. For all graphs in this section, same trends are also

reported in [12].
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Figure 12 Propulsive efficiency as a function of rigidity EI
a)case A, b)case B and c) case C.

4.1.4 Flexibility effects on turning point

For a direct view of locomotion, the migration of center mass of single
swimming body is shown to illustrate direction and vibration. Figure 13 is the graph
of migration against time steps. This section focuses on the turning point of rigidity
where the solid body travels from backward to forward. Figure 10 is as a reference.

To most cases in our study, solid bodies swim forward, along with the positive Y
direction. While to cases with high Reynolds number and low rigidity, the swimmers

may move backward (see figure 10). The mechanism of forward migration driven by
21



flapping is simple. As in all self-propelling systems, the propulsion of a swimming
body depends on the fact that the retarding effect of all the tangential force acting
along the body is compensated by propulsive components of force acting normally to
the surface of the body (Gray, 1953) [21]. The backward motion in a self-propelled
flapping system has also been reported previously in [12], [22] and [23]. With low
rigidity, the mode shape of swimming body (see figure 16 a) and figure 17 a)) is much
different with a “standard” flapping mode shape (see figure 16 c) and figure 17 c)). In
the mode shape with low rigidity, the “tail” of swimmer forms overbending and
pushes fluid forward and then propels itself backward.

However, for cases with low Reynolds number, the high viscosity of fluid restricts
the forming of overbending and then backward stage is absent (see figure 10 a) and

figure 16 a)).
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F——o-—— EI=0.036 | ——<— - EI=0.043253 -~

Y/L
Y/L

Figure 13 Migration against time steps (initial to 16th time period).
a) case with Re=75 and b) case with Re=100.

4.1.5 Resonance

The role of relation between forcing frequency and natural frequency is very
important in optimizing performance. Frist, the reduced frequency is defined as the

ratio between forcing and natural frequency

_ T
I=

where forcing frequency f is as input frequency and natural frequency fy is calculated
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by the formula as

1 <k1>2 EI
fo= 2\ L 2pspf

where k;=1.8751, L is the length of swimming body, El is the rigidity, ps is solid
density and ps is fluid density. All parameters are in real units and should be
converted by the unit factors.

The reduced frequency is employed to quantify resonance. When the forcing
frequency equals natural frequency, we consider that resonance occurs in this
frequency. The evolution of the normalized cruising speed and power coefficient with
increasing reduced frequency is shown in Figure 14 a) and Figure 14 b) respectively.

For cases of high Reynolds number (Re=75 or 100), the maxima of Uc and Cp are
located in the domain around 1 (f=0.7-1.3). The results successfully suggest
resonance plays a critical role on flapping, which according with many researches in
the field of aerodynamics or fluid dynamics such as [24]. For the cases of low
Reynolds number (Re=5), there is no obvious maximum in the executable range.
However, the original data in this case shows that cruising speed already curves

down at the left end.
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Figure 14 a) The evolution of normalized cruising speed with increasing reduced frequency;
b) The evolution of power coefficient with increasing reduced frequency

4.1.6 Effects of flexibility on flapping amplitude and mode shape

In figure 15, four values of flexibility are chosen to note that the former two of
23



them (EI=0.035&0.141) reslut into large range of Cruising speed and later two of them
(EI=0.211&0.281) into similar Cruising speed. In other words, with little differences of
domain, the former two obviously have a much larger range than the later two (see
fig. ). In figure 16, 17, four values sequentially denote backward stage,
before-maximum stage, maximum and after-maximum stage (see figure 10).

Since we fix the amplitude of oscillation of swimming body, the locomotion
ranges of driven particle in Z direction for all cases are identical. In figure 15, 16 and
17, the right end of swimmers always achieves same coordinates. This fixed
amplitude is named as absolute amplitude or set-up amplitude in this article.

At the same time, the average range of swimming body’s oscillation is shown in
Vz-Z/L graphs in figure 15, 16 and 17. In this coodinate, both Vz and Z/L are harmonic
function of time and also have the same frequency. The graph of Vz depending on Z/L
forms a closed cricle. In this cricle, the horizontal diameter is achieved at Vz = 0 and
can be regarded as the maximal domain of swimmer’s center mass. To compare with
the absolute amplitute, the term named relative amplitude is employed to indicate
this horizontal diameter. In the same way, the vertical diameter which is achieved at
Z/L = 2.25 is regarded as the maximal range of velocity in flapping direction. With
comparing the maximal domain and range, we can quantify the level of mode shape
of swimming body.

In figurel5, the area of closed circles largens with the increasing rigidity.
Moreover, the changing ratio is completely matching with changing ratio of cruising
speed and power efficient. (see figure 11) The first two cricles have an obvious
difference about the area while the second two circles are almost same. Ignoring the
proplusive efficiency, it then suggests that high intensity of flapping leads to faster
cruising speed. This is quite in keeping with common sence.

In figure 16 and 17 since existing of clear maxima, closed cricles have
corresponding maxima in both horizontal and vertical dimensions. Same

phenomenon has been reported[12].
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Figure 15 The flapping mode shape and the graph of Vz against Z/L (cases Re=5). Graphs a, b,
¢, and d correspond to cases of EI = 0.035, 0.141, 0.211 and 0.281 respectively. The flapping
mode shape reflects the swimming body’s locomotion in one period. The Vz-Z/L graph
covers 16 period from first print step.
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Figure 16 The flapping patterns for one period (case Re=75). Graphs correspond to cases of
El = 0.008, 0.04, 0.08 and 0.32 sequentially.
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Figure 17 The flapping patterns for one period (case Re=100). Graphs correspond to cases of
El =0.004, 0.022, 0.087 and 0.173 sequentially.
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4.2 Two swimming bodies in tandem configuration

4.2.1 Equilibrium of separation distance

Figure 18 shows the evolution of separation distance between two swimmers. It
is obvious that for both 0° phase difference and 90° phase difference simulation, an
equilibrium separation distance can be achieved. In other words, for cases with same
phase degree, the interactions through fluid flow field always push two tandem
swimmers into a fixed separation distances. The basic physical explanation to this
phenomenon is that the flow field caused by the front swimmer interferes with the
rear one. And when two swimmers are close to each other, this kind of effect also
reflects that the rear swimmer can act on front one.

For case A in figure 18 a), all cases with A$p=0 would achieve a same separation
approximating 1.1, which we call the equilibrium state. Case with D,;=1.5 only costs
24 periods to reach the equilibrium comparing to case with D=3 costing more than
300 periods. This is because with increasing difference between Dy and D¢, the
increasing time periods are needed to accumulate the interaction between two
fibers to achieve balance. Same phenomenon can be found in Case B where D¢q=1.4.

The reason why equilibrium gap distance can be achieved is that the rear
swimming body is influenced by the wake of front swimming body and follows the
“vortex locking” behavior[12]. The equilibrium gap distance is correlated with the
streamwise period of the Karman vortex street. [26] [27]

Besides, two explanations should be pointed out. Frist, the line in figure 18 b)
seems bold because of the vibrated gap distance. This is because we used center
mass to locate the whole swimming body, when the phase difference is presence, the
location vibration caused by the different flapping period cannot be cancelled out
each other. While the phase difference is absent, the location vibration is very tiny
and can be ignored (see figure 18 a)). Second, no other equilibrium distances are
found in this research. The interaction of any cases with a higher initial gap distance

(Dyi>4) is too weak to observe.
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Figure 18 Separation distance as a function of time for a)case A and b)case B in Table 2.

4.2.2 Flow field analyses

Figure 19 The fluid flow figure for cases with Re=75, EI=0.08, A@=0, Dy;i=1.5.
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Figure 19 shows the fluid flow patterns of in-phase case (which means A$=0) in
one flapping period. The locomotion of two swimmers in this case is fully synchronal.
Then two identical flow patterns caused by two swimmers separately are formed.
Meanwhile, being mentioned in previous section, the front swimmer influences the
rear one. The evidences shown from the vorticity are, 1) overlapping occurs between
the vortex at right end of rear swimmer and left end of front swimmer in figure 19 a)
and c), 2) after the overlapping, the vertex at the right end of rear swimmer is larger
than vertex at corresponding location of front swimmer (see figure 19 b) and d)), in

which they should be exactly same if there is no flow-mediated interaction.

Figure 20 The fluid flow figure for cases with Re=75, E[=0.08, A@=90, Dy;i=1.5.

Figure 20 graphs the fluid flow patterns for case with A$=90. Similar
phenomenon is found. Two differences comparing to the in-phase case should be

point out. First, the overlapping is not as obvious as occurred in the previous sample,
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which means the rear swimmer receives a weaker flow-mediated interaction. It well
explains why cases with phase difference cost more time to achieve equilibrium state
than cases without phase difference do. Second, the comparing between two similar
flow patterns in this case should be performed between two same mode shapes of
solid swimming bodies. For instant, the front swimmer in figure 20 b) can be

compared with the rear swimmer in figure 20 a).
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5.Conclusions

Two new objects based on previous research are: a) Release the fixed head of
bacteria to found new movement pattern; b) introduce more swimming bodies into
whole simulation system. For the theoretical support in this research, Lattice
Boltzmann Method, General Lattice Spring Model and Immersed-boundary Method
are introduced to respectively simulate structure of fluid, solid and interaction
between fluid and solid.

Before this study, seldom articles focus on undulation flapping in three
dimension flow distribution at high Reynolds number. Lots of previous articles
employed the traditional computational fluid dynamics methods (CFD) for fluid
simulation.

Essentially, this research studies the locomotion patterns of solid swimming
bodies in 3-D lattice Boltzmann flow field. In detailed, a self-propelled swimming
body is driven by the vertical oscillation, and the simulation is performed in a 3-D
fluid box. And Two-body system simulation begins with the initial setup of a tandem
configuration. For each fiber, the setup is exactly same as that of single fiber.

To quantify the propulsive performance, some physical parameters are
introduced such as normalized location Y/L, forward velocity V,, flapping velocity V,,
cruising speed U, drug coefficient C4, Power coefficient C,, propulsive efficiency n,
rigidity El and Reynold number Re of solid swimming body.

In the section of flexibility effecting on periodic V,, V,, C4 and C,, periodic graphs
directly indicate the flapping locomotion pattern of swimming body in one period
after reaching steady state.

In the section of flexibility effecting on U, C, and n, the evolution of U, C, and n
along with increasing rigidity indicates existing of maximum. For all graphs in this
section, same trends have been reported in previous article[12].

In the section of turning point of rigidity where the solid body travels from

backward to forward, the results state that the swimming body migrates backward at
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low rigidity and high Reynolds number. The mechanism of backward movement is
also reported in [12], [22] and [23]. With low rigidity, the mode shape of swimming
body is much different with a “standard” flapping mode shape. In the mode shape
with low rigidity, the “tail” of swimmer forms overbending and pushes fluid forward
and then propels itself backward. while for cases with low Reynolds number, the high
viscosity of fluid restricts the forming of overbending and then backward stage is
absent.

In the section of resonance, the role of relation between forcing frequency f and
natural frequency f is studied to optimize performance. For cases of high Reynolds
number (Re=75 or 100), the maxima of U and C; are located in the domain around 1
(f=0.7-1.3). The results successfully suggest resonance plays a critical role on flapping,
which accords with many researches in the field of aerodynamics or fluid dynamics
such as [24].

In the section of mode shape, graphs of V, against Z/L are introduced to quantify
the flapping patterns of solid body. With graphs of mode shape, it is feasible to
explore the mechanism such as backward movement and existing of maximum of
cruising speed.

Two-body system is also studied in this research and results are reported and
compared with previous study in 2-D flow field by traditional methods[13]. Under the
tandem configuration, for both 0° phase difference and 90° phase difference
simulation, an equilibrium separation distance can be achieved. In other words, for
cases with same phase degree, the interactions through fluid flow field always push
two tandem swimmers into a fixed separation distances. The reason why equilibrium
gap distance can be achieved is that the rear swimming body is influenced by the
wake of front swimming body and follows the “vortex locking” behavior[12]. The
equilibrium gap distance is correlated with the streamwise period of the Karman
vortex street. [26] [27]

The fluid flow patterns of 0°-phase-difference case and 90°-phase-difference
case are presented. Fluid flow figures indicate the degree of influence between two

swimmers. The results state case without phase difference has a stronger interaction
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than case with 90° phase difference. It explains that the later cost more time period

to achieve balance gap distance.
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