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ABSTRACT
Fish schooling with stable configurations is intriguing. How individuals benefit from hydrodynamic interactions is still an open ques-
tion. Here, fish are modeled as undulatory self-propelled foils, which is more realistic. The collective locomotion of two foils in a tandem
configuration with different amplitude ratios Ar and frequency ratios Fr is considered. Depending on Ar and Fr, the two foils without
lateral or yaw motion may spontaneously form stable configurations, separate, or collide with each other. The phase diagram of the loco-
motion modes in the (Fr, Ar) plane is obtained, which is significantly different from that in Newbolt et al. [“Flow interactions between
uncoordinated flapping swimmers give rise to group cohesion,” Proc. Natl. Acad. Sci. U. S. A. 116, 2419 (2019)]. For stable configu-
rations, the gap spacing may be almost constant [stable position (SP) mode] or change dynamically and periodically [stable cycle (SC)
mode]. In our diagram, the fast SP mode is found. Besides, the border between the separation and SP/SC modes is more realistic. In
the fast SP cases, analyses of hydrodynamic force show the phenomenon of inverted drafting, in which the leader achieves hydrody-
namic advantages. For the SC mode, the cruising speed increases piecewise linearly with FrAr. When Ar < 1, the linear slope is iden-
tical to that of the isolated leader, and the follower-control mechanism is revealed. Our result sheds some light on fish schooling and
predating.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0036231

I. INTRODUCTION

Collective motion is ubiquitous in biological and natural sys-
tems. Although the invaluable insight into the social traits of collec-
tive locomotion, such as schooling and flocking, has been provided
by investigations based on experiments and models,1 several issues
about the role of hydrodynamics in collective locomotion are still
open questions.2–4 One important and intriguing issue is the hydro-
dynamic advantage. The theoretical research on this issue was first
conducted by Weihs et al.,3,5 who suggested that schooling fish could
greatly enhance their thrust production in a diamond configura-
tion using an inviscid potential flow model. However, little biolog-
ical evidence of hydrodynamic advantage in the diamond pattern
has been found.4 Due to the difficulty of experimental measures on
the energetic savings of schooling, only some limited experimen-
tal evidence6–8 showed that the individuals can obtain the hydro-
dynamic advantage of the collective locomotion. The other issue
is the role of flows on the emergence of the collective pattern. To
investigate this issue, individuals may be modeled as vortex dipoles,
flapping foils, and flapping flexible plates.9–12 To assess the role of

aero- or hydrodynamics in collective flying and swimming, more
quantitative information is needed.13,14

As the simplest model of basic element for schooling, the
grouping unit consisting of two individuals in a tandem or side-by-
side configuration in uniform flow has been studied by experiments
and simulations. The in-line configuration is of particular interest
due to its evident hypotaxis between the leader and the follower,
which is likely to lead to strong fluid-mediated interaction.15 For a
pair of flexible flags in tandem fixed at the upstream end, Ristroph
and Zhang found that the leader, rather than the follower, could ben-
efit from the tandem configuration.15 The authors referred to this
drag reduction as inverted drafting, which is also found in Ref. 16.
These results are interpreted with constructive interactions of the
two wakes of the tandem bodies creating strong trailing vortices.17,18

More similar studies on the performance of two flapping foils are
conducted.19–22

In the studies above, the swimmers were held fixed in an
oncoming flow and could not propel themselves freely. However,
the self-propelled swimmers or flyers in collective locomotion are
free to select their speed and relative position through flow-mediated
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interactions among them.12 It is essential to capture this trait in
order to understand the role of hydrodynamic interactions on the
emergence of the collective pattern.23 There are numerous studies
on the emergence of collective locomotion dynamics in a two-body
self-propelled system. Ramananarivo et al.24 experimentally studied
two synchronized flapping wings in tandem swimming in rotational
orbits. The inter-wing spacing is dynamically selected and multi-
ple stable configurations can emerge spontaneously as a result of
flow-mediated coupling. It offers an experimental support for the
Lighthill conjecture.24,25 Zhu et al. numerically investigated the flow-
mediated interactions among two self-propelled flapping filaments
in a tandem configuration.26 Their result showed that multiple sta-
ble configurations can be spontaneously formed with the help of
the vortex street behind the leader. In the wake, two single (2S)
vortices with opposite sign are shed per tail-beat period.27 The fol-
lower can enjoy energetic benefits for the cases with the 2S wakes.
The propulsive velocity of the school can be enhanced in the com-
pact in-line configuration, but the energetic advantage of the leader
was not observed. Some recent studies focus on the group cohesion
in schools through high-fidelity simulations.28,29 A cohesive group
controlled by reinforcement learning is established to exploit the
high energy-efficiency state of the following swimmer. With such
an active strategy, the following swimmer learns to synchronize with
the wake flow of the leader.

In most of the above studies, if active control is not considered,
usually two plates are of identical frequency and amplitude. In actual
situations, fish may adopt different flapping frequency and ampli-
tude. As far as we know, only Newbolt et al. parametrically investi-
gated two flapping tandem hydrofoils with different amplitude and
frequency.30 Depending on the amplitude ratio Ar and frequency
ratio Fr, the two foils may spontaneously form stable configura-
tions, separate, or collide. A phase diagram for the motion modes
is presented. They found that the leader achieves a nearly constant
cruising speed as the isolated hydrofoil case, which only depends on
its own kinematics. However, the result may be significantly differ-
ent from the cases of real fish since the simple heaving motions of
foils are far from the swimming style of fish. Besides, there is no
analysis on thrust and collective advantage.

In this paper, two self-propelled foils in a tandem configuration
with different undulatory frequency and amplitude are numerically
studied. Our study differs from previous studies in several important
ways. First and foremost, our model of undulatory self-propelled
foils is more close to the swimming of real fish (see Fig. 1).31 How-
ever, to maintain the in-line configuration and avoid the utiliza-
tion of active control, the swimmers are not allowed to yaw or
to move laterally.10,26,32 The undulatory motion of the hydrofoil

interacting with surrounding fluid leads to the self-propulsion. Sec-
ond, we mainly focus on flow interactions between two uncoordi-
nated foils with different propulsive capacity. Finally, compared with
the experimental studies, our numerical simulations can provide
more quantitative information, especially thrust and power, which
are crucial to investigate collective advantages. The remainder of this
paper is organized as follows: The physical problem and numerical
method are presented in Sec. II. Detailed results and relevant mech-
anisms are discussed in Sec. III, and conclusions are presented in
Sec. IV.

II. PROBLEM DESCRIPTION AND METHODOLOGY
In our simulations, two undulatory self-propelled foils in a

tandem configuration are considered here, as shown in Fig. 1. A
two-dimensional NACA0012 airfoil, a symmetrical airfoil with max
thickness 12% at 30% chord, is used to model the geometry of fish.

The kinematic deformation of the foil, i.e., the midline lateral
displacement in a local coordinate system, is given by33,34

yi(s, t) = Bi(s) sin[2π(s/L − f it)], Bi(s) = Ai
s/L + 0.031 25

1.031 25
, (1)

where s ∈ [0, L] is the projected coordinate of the midline on the x
axis, L is the projected length of the foil, f is the phase speed, and
A is the motion amplitude of the trailing edge. The subscript i in
both equations represents the parameters of the leader and follower,
respectively. Thus, the deformation of the midline is prescribed over
a frame of reference attached to the head of the swimmer. Then, they
are transformed into the center of mass frame of reference. The loco-
motion of each foil is governed by Newton’s equations of motion,35

i.e.,

miẍc,i = Fi, İz,iϕ̇c,i + Iz,iϕ̈c,i =Mz,i. (2)

Here, Fi and Mz,i are the fluid force and yaw torque acting on
the ith foil. xc,i is the position of the center of mass of the body, ϕ̇c,i
is the angular velocity, m is the total mass, and Iz,i is the moment
of inertial about the yaw axis. Except for the validation case, the
horizontal movement of the foils is free, while the yaw and lateral
locomotion is confined. Therefore, Eq. (2) reduces to

miẍc,i = Fx,i. (3)

G(t) represents the longitudinal gap spacing between the trail-
ing edge of the leader and the leading edge of the follower. The initial
gap spacing is G0 = G(t = 0).

FIG. 1. Sketch of the model for collective locomotion of two undulatory foils in tandem.
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The fluid flow is governed by the incompressible Navier–Stokes
equations

∂v

∂t
+ v ⋅∇v = −1

ρ
∇p + ν∇2v + f b, (4)

∇ ⋅ v = 0, (5)

where v is velocity, p is pressure, ρ the density of the fluid, and ν is
the fluid kinematic viscosity.36 The Navier–Stokes equation is solved
by the immersed boundary-lattice Boltzmann method (IB-LBM).37

In the scheme, the immersed boundary is discretized into many
Lagrangian points. The body force term f b in Eq. (4) represents an
interaction force between the fluid and the immersed boundary to
enforce the no-slip velocity boundary condition. A detail description
of the numerical method can be found in Refs. 38 and 39.

The computational domain for fluid flow is chosen as
[−15, 30] × [−15, 15] in the x and y directions, respectively. The cen-
ter of mass of the leading foil is initially located at (0, 0). A constant
pressure with v = 0 is imposed at all boundaries, while ∂v/∂x = 0
with constant pressure is set for the outlet.41 The initial condition
is v = 0 in the whole flow field. A uniform mesh with Δx = Δy
= 0.0075L and the time step Δt = 0.0001Tp are adopted in the sim-
ulations. Tp = 1/ f 1 is the tail-beat period of the swimmer or that of
the leader in the tandem case.

To validate the present numerical method and check the tem-
poral and spatial resolutions, two cases of a single undulatory foil are
simulated. Figure 2(a) shows the lift and drag coefficient in the case
of ReU = UL/ν = 5000. Figure 2(b) shows the propulsive velocity of
the isolated undulatory foil in cases of Re = 500, 1000. In this case,
besides the longitudinal locomotion, the self-propelled swimmer can
yaw and move laterally. It is seen that all the results agree well with
those in Refs. 27 and 40.

The dimensionless governing parameters are listed as follows:
the Reynolds number Re = 2πA1 f 1L/ν,27 the amplitude ratio Ar
= A2/A1, the frequency ratio Fr = f 2/ f 1, the density ratio M = ρs/ρ,
and the initial longitudinal spacing G0. The characteristic quanti-
ties ρ, L, and Uref are chosen as the reference density, length, and
velocity. Uref = L/Tp is the characteristic velocity.

III. RESULTS AND DISCUSSION
The collective motions of two undulatory self-propelled

foils in tandem were simulated. We focused on the effects of

Ar (Ar ∈ [0, 2]) and Fr (Fr ∈ [0, 2]). In the simulations, Re = 2000,
M = 1.0, A1 = 0.125, and f 1 = 0.1 are fixed. Therefore, the undula-
tory motion of the leading foil is unchanged.

A series of cases with different Fr and Ar were simulated. We
found that depending on Fr and Ar, the two foils may spontaneously
form stable configurations, separate, or collide with each other. For
stable configurations, the equilibrium gap spacing Geq may be con-
stant [stable position (SP) mode] or changes periodically [stable
cycle (SC) mode]. In the SP and SC modes, the two foils form a
school that travels together, while both the separation and collision
modes imply the failure of the collective behavior.

The phase diagram of the locomotion modes in the (Fr, Ar)
plane is shown in Fig. 3(a). When the follower is underdriven, e.g.,
Fr = 0.9 and Ar = 0.9, even initially the follower is very close to the
leader, e.g., G0 = 0.1, finally the follower may separate with the lead-
ing one [see Fig. 3(b)]. When the follower is overdriven, e.g., Fr = 1.7
and Ar = 0.9, even initially G0 = 6.1, the follower may still collide
with the leader [G0 = 1.1 shown in Fig. 3(b)]. The separation and
collision modes occur when FrAr is small and large, respectively.

The SC and SP modes emerge at moderate Ar and Fr; especially,
the SP mode only appears at Fr = 1 [see Fig. 3(a)]. These modes
appear because at moderate Ar and Fr, the propulsive capacity of
the two individuals is comparable. In the SP mode (Fr = 1), the two
foils are in-phase and the undulatory motions are of the same fre-
quency. If Ar is not too larger, e.g., Ar = 0.9, at the equilibrium state,
the gap spacing between the two foils is almost constant [Geq ≈ 1.7
in Fig. 3(b)]. The school travels approximately as fast as the isolated
foil. It is the slow SP mode.

When approximately Fr1.7Ar ≥ 1 and Fr ≠ 1, the SC mode
would appear [see Fig. 3(a)]. For example, in the case Fr = 1.1
and Ar = 0.9, the gap spacing Geq would change periodically [see
Fig. 3(b)]. It is mainly triggered by the nonuniform undulatory fre-
quency. The follower is periodically captured by the vortex wake of
the leader [see Fig. 4 (Multimedia view)]. In the SC cases (Fr ≠ 1),
the initial phase difference between the two foils is not important
because the phase difference would change continuously during the
travel.

In the slow SP mode (Ar < 1.4), there may be several discrete
stable positions behind the leader, which depends on Ar and G0.30

For example, in the case of Ar = 1, at equilibrium states, Geq are
0.45 and 0.9, respectively, for the cases of G0 = 0.1 and G0 = 1.0 [see
Fig. 5(b)]. The normalized cruising speed U/Uα as a function of

FIG. 2. Validation for the case of (a) flow over a single traveling wavy foil at ReU = 5000 and (b) propulsive velocity of a single self-propelled undulatory foil. The details of
two cases can be referred to Refs. 27 and 40, respectively.

Phys. Fluids 33, 011904 (2021); doi: 10.1063/5.0036231 33, 011904-3

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 3. (a) Phase diagram in the (Fr , Ar) plane. Each point in the plane represents a case we simulated. The purple solid (Ar = Fr−1.7) and black dashed (Ar = Fr−1) lines
approximately denote the borders between the separation and SP/SC modes in our study and Ref. 30, respectively. The cost of transport (CoT) of the follower is also plotted
in the SP/SC region. (b) Typical evolutions of gap spacing G for separation (Fr = 0.9), SP (Fr = 1.0), SC (Fr = 1.1), and collision (Fr = 1.7) modes. In all these cases,
Ar = 0.9.

Ar is shown in Fig. 5(a), where the subscript α denotes the case of
an isolated leading foil. It is seen that under the above cases, the
speed is about 1.1 and 1.03, respectively. As Ar increases to 1.4,
U/Uα increases dramatically to 1.36. Meanwhile, Geq is very small
[see Fig. 5(b)]. Therefore, in the mode, the school is compact and
travels fast,23 which is referred to as the fast SP mode.

Our phase diagram is partially consistent with that in Ref. 30,
e.g., the approximate distribution of the separation and collision
modes. However, there are several significant differences. First, in
our phase diagram, there is the fast SP mode, which did not appear
in Ref. 30. The fast SP mode indeed was found in Ref. 24. On the
other hand, although the unstable position mode is found in Ref. 30
for two rigid heaving foils, there is no biological evidence to support
it. Second, in our phase diagram, the border between the separation
mode and the SP/SC mode may be more realistic because now the
SC mode includes the cases of Fr = 0.9, which have been observed in
the experiment of Ref. 42. This partially supports the correctness of
our phase diagram. The features are all attributed to the more real-
istic swimmer model that we used. From the phase diagram, we can
get some inspiration. It is seen that the range of Fr for the SC mode

is not too wide, e.g., for cases of Ar = 1, the range is Fr ∈ [1, 1.6).
The dynamic equilibrium of the school is relatively fragile. Under
the circumstances of comparable size, the predators may increase
the frequency to shift to the collision mode quickly and optimize
their hunting process. On the other hand, the prey also adopts the
strategy of high-frequency motions, i.e., enhancing f 1 to decrease
Fr. In the way, the prey can escape from predators, i.e., exploiting
the separation mode.

The mechanical and propulsive properties of the foils are fur-
ther investigated. The propulsive performance of the foils is quanti-
fied by the mean propulsive speed U, thrust coefficient CT , effective
force coefficient Ceff , and the cost of transport CoT. They are defined
as follows:11,29,43

U = 1
Ure f T∫

t′+T

t′
U(t) dt, CT(s) =

2FT

ρU2
re f L

,

Ceff(s) =
2Feff

ρU2
re f L

, CoT = P
MU

,
(6)

FIG. 4. Trajectories of the trailing edges for the SC mode (Ar = 1 and Fr = 1.1). Multimedia view: https://doi.org/10.1063/5.0036231.1
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FIG. 5. In the SP mode (Fr = 1), the normalized mean propulsive speed of the school (a) and the longitudinal gap spacing G (b) as functions of Ar . The effect of G0 is
presented.

where P(t) = ∑s Feff U. The overbar denotes temporal averaging
over an undulatory period T. FT and Feff are

FT(s, t) = 1
2U∫B(s)

(PL(r, t) + ∣PL(r, t)∣) dr,

Feff(s, t) = 1
U∫B(s)

PL(r, t) dr,
(7)

where PL(r, t) = FL(r, t) ⋅ ∂X(r,t)
∂t . FL represents the distributed force

acting on the Lagrangian points by the surrounding fluid. ∂X(r,t)
∂t

denotes the velocity of the Lagrangian points. For a steady swim-
ming process, the time-averaged force over the cycle is zero.23 Thus,
by calculating the projection of force in the direction of velocity, the
instantaneous forces are determined.29 The drag force CD(s) on a
segment of the foil is

CD(s) = CT(s) − Ceff(s). (8)

Here, the foil is divided into ten equal discrete segments along the
midline. The force is calculated on each segment’s upper and lower
surface, i.e., B(s).

In order to explore the hydrodynamic advantages of the SP
mode, the thrust and effective force coefficient along the body are
shown in Figs. 6(a) and 6(b). The cases of Ar = 0.9 and 1.2 are in the
slow SP mode and Ar = 1.5 is in the fast SP mode. In most cases, the
majority of the thrust is produced by the rear part of the body. This
result is consistent with those from theory and experiment.44,45

In all cases of the slow SP mode, CT and Ceff of the leading foils
are almost identical.26 Here, we focus on the performance of the fol-
lower. For the Ar = 0.9 case, although the follower is underdriven,
the front part of the follower can generate significant thrust. There-
fore, in the case, the underdriven follower can benefit from the leader
through the wake–structure interaction. For the cases with a larger
Ar, e.g., Ar = 1.2, CT at the rear part of the follower is enhanced and
Ceff at its front part decreases. Thus, the CD would increase, and the
overdriven follower is suppressed in the case.

In the fast SP mode, e.g., the case of Ar = 1.5, two foils are
very close, and the leading foil may get hydrodynamic advan-
tage.46 Our result shows that the time-averaged drag force expe-
rienced by the leader is smaller than that of the follower. Specif-
ically, the drag coefficients for the leader and follower are CD1
= 0.0284 and CD2 = 0.0412, respectively. This drag reduction of
the leader is analogous to the inverted drafting.15 A smaller drag
force is favorable for the leader to cruise with higher speed. Then,
the two foils may swim faster than the single foil case. The fast
SP mode presents a more magnificent image of motherhood (a
mother pushes her calf forward) rather than the predator–prey
relation.

The instantaneous vorticity contours for the slow and fast SP
modes are shown in Figs. 7(a) and 7(b), respectively. For the slow
mode (the case of Ar = 0.9), a 2S wake is shed behind the leader. The
follower swims through the cores of positive and negative vortices
alternatively. By moving with the local lateral flow, the weak follower
can keep pace with the leader. For the fast SP mode (the case of Ar
= 1.5), the two foils are so close that the leader’s trailing edge vortex

FIG. 6. Hydrodynamic performance of typical cases of the SP mode: (a) thrust coefficient and (b) effective force coefficient along the body. The solid and dashed lines
denote the curves of the leader and follower, respectively.
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FIG. 7. Typical instantaneous vorticity
contours of the SP mode at t/Tp = 0
in (a) the slow (Ar = 0.9) and (b) fast
(Ar = 1.5) modes.

(TEV) dissipates quickly. On the other hand, the leader’s leading-
edge vortex (LEV) is captured by the follower and merges with that
of the follower. The merged LEV is finally shed from the follower
as the TEV. In this way, the two tandem foils undulate like a longer
single swimmer, and the propulsive capacity improves significantly.

For the SC mode, at the equilibrium state, Geq and U change
periodically. The scaled mean cruising speed U/Fr as functions of
Ar in the SC mode is shown in Fig. 8(a). It is seen that the curve can
be approximately divided into two segments, and for both segments,
U/Fr is proportional to Ar.

When Fr is close to unity, e.g., Fr = 1.1, the performance should
be close to that of the SP mode (cases of Fr = 1). The difference is
that the gap spacing between the two foils changes periodically in
the cases of Fr = 1.1 (the SC mode). It is easy to imagine that when
the follower is closer to or far away from the leader, the SC cases
periodically switch between the compact and sparse configurations.
Hence, the overall performance should be between those of the fast
and slow SP modes. In the region of Ar > 1 [see Fig. 8(a)], U/Fr of
the fast and slow SP modes are also plotted for comparison. We can
see that when Fr is close to unity, U/Fr is between those of the fast
and slow SP modes.

When Fr is larger (Ar < 1), the slope of the scaled lines in
Fig. 8(a) is about k = 0.58. In the following, we would explain why
the slope is 0.58. First, the thrust force would be analyzed to elucidate
the feature of the cases with large Fr. The normalized thrust coef-
ficient C∗T = 2FT/ρ f 2

2L3 for cases with different Fr (1.3 ≤ Fr ≤ 1.8)
but identical Ar (Ar = 0.7) are shown in Fig. 8(b). It is seen that the

follower is overdriven in all cases due to the large C∗T , especially in
the front and rear part of the foil. Besides, in the cases of Fr ≥ 1.5,
the distribution curves of C∗T along the leader’s body approximately
collapse into a single curve. It seems that C∗T ∝ FT/ f 2

2 is a constant
in the cases of high Fr. In other words, the thrust force experienced
by the leader is determined by the follower’s undulatory frequency
(FT ∝ f 2

2). Hence, in the cases of high Fr, the follower dominates
the school’s collective locomotion. Because in the SC mode, Geq is
adjustable, it seems that through changing Fr, e.g., Fr > 1.4, the fol-
lower could dominate the collective behavior of the school and reach
any desired position.30

Second, the cruising speed of a swimmer U is directly cor-
related with the model of the swimmer and the flapping pattern,
i.e., the cruising Reynolds number ReU = UL

ν is proportional to the
transverse Reynolds number Re = 2πA f L

ν by47

ReU = λRe. (9)

Hence, we have Uα = λ(2πA1 f 1) for an isolated leader. The coeffi-
cient λ is a constant for a specified isolated swimmer with a spec-
ified flapping (undulatory) pattern. When Fr is large, the follower
dominates the collective behavior. Therefore, the cruising speed
of the two tandem swimmers U is determined by the follower U
= λ(2πA2 f 2). Then, we have, U = Uα

2πA1 f 1
2πA2 f 2 = UαFrAr. In our

cases, Uα = 0.58. Hence, in the region of Ar < 1, the slope of the
collapsed lines is k = Δ(U/Fr)

ΔAr = 0.58 [see Fig. 8(a)], where Δ means

FIG. 8. Rescaled propulsive speed (a) and thrust coefficient (b) of the undulatory foils in the cases with different Fr (1.3 ≤ Fr ≤ 1.8) but identical Ar (Ar = 0.7). The solid
and dashed lines denote the curves of the leader and follower, respectively.

Phys. Fluids 33, 011904 (2021); doi: 10.1063/5.0036231 33, 011904-6

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

the a small variation in the parameter. Furthermore, the propor-
tional relationship shown in Eq. (9) is identical to that in Ref. 47,
which is proposed for biological propulsion at a high Reynolds num-
ber. Therefore, Re = 2000 is sufficient to characterize the real fish
swimming.

The contours of CoT of the trailing swimmer are also plotted
in the phase diagram [see Fig. 3(a)]. It is seen that the follower in
the SP/SC mode achieves the lowest CoT near the border between
the separation and SP/SC modes. In other words, the “lazy” fol-
lower, which is underdriven, consumes the least energy to keep up
with the leader. On the other hand, the “lazy” follower also has a
risk of departing from the leader because it is so close to the sep-
aration mode. It is also seen that the CoT increases with FrAr, i.e.,
the propulsive capacity of the follower, resulting in the enhancement
of U.

IV. CONCLUSIONS
The collective locomotion of a pair of tandem uncoordinated

foils with different Ar and Fr is investigated numerically. The school
may spontaneously form SP/SC, separation, or collision modes. Our
phase diagram is partially consistent with that in Ref. 30 with sev-
eral significant differences. In our diagram, first, the fast SP mode is
found. Second, the border between separation and the SP/SC mode
is more realistic. The features are all attributed to the more realistic
swimmer model that we used. From the phase diagram, we also get
some inspiration, such as the rationale behind the high-frequency
undulatory motions of both predators and the prey, advantage, and
risk of the “lazy” follower.

In the study of uncoordinated tandem swimmers, instead of
focusing on the wake–follower interaction, here, we pay more atten-
tion to the follower-control mechanism. In the fast SP mode (Fr = 1,
Ar > 1.4), due to the mechanism, inverted drafting is found. In the
SC mode, in the region of Ar < 1, due to the mechanism, the col-
lective locomotion is wholly controlled by the follower. Specifically,
U/Fr is a linear function of Ar, and the slope of 0.58 is identical
to that of a single foil (the leader). The result may further enrich
the category of the hydrodynamic advantage of aquatic collective
behaviors.
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