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ABSTRACT

Fish have evolved remarkable underwater turning maneuverability, primarily under active control. This allows them to execute turns within
confined spaces, such as during C-start rapid turning. In our study, conducted through computational fluid dynamics simulations of a self-
propelled swimmer, we revealed that burst-and-coast swimming patterns can generate various turning behaviors purely through passive
fluid–body interactions. The burst-and-coast swimming is characterized by the alternating tail movements between continuous undulating
burst phases (bp) and non-undulating or gliding coast phases (cp). Through extensive systematic three-dimensional (3D) simulations, we
found that both the burst-and-coast duty cycle—the ratio of burst duration to the total cycle duration—and the swimmer’s undulation fre-
quency inhibit turning maneuverability, which is quantified by the curvature of swimming trajectories. We also found there is an optimal
Reynolds number that maximizes turning maneuverability. Further analysis suggests that the turning maneuverability is probably due to the
persistent presence of the Wagner effect during burst phases and the Magnus effect during coast phases, which differs from the mechanism
of actively generating lateral forces by asymmetric continuous flapping. These insights not only advance our understanding of fish locomo-
tion control mechanisms but also provide guidelines for designing underwater robots with improved navigational capabilities.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0237171

I. INTRODUCTION

Fish have developed a variety of exceptional abilities in underwa-
ter environments throughout evolutionary history.1–3 One remarkable
ability fish have mastered is efficient turning maneuverability, such as
during prey capture, predator avoidance, mating, or navigation of
complex environments, especially the capability of turning within a
limited space.4

To achieve turning maneuverability, most fish employ asymmet-
ric kinematics through active flapping control.5–8 For instance, by
asymmetrically controlling their left and right pectoral fins, boxfish
(Ostraciidae) can turn without horizontal translation, achieving a turn-
ing radius close to zero.9 Rainbow trout (Salmo gairdneri) and small-
mouth bass (Micropterus dolomieu) also demonstrate remarkable
turning maneuverability through asymmetrical body and tail move-
ments, achieving minimal turning radii of less than 0.2 body lengths.10

One extreme example of asymmetric kinematics is the C-start maneu-
ver,11,12 in which the swimmer rapidly bends its body into a “C” shape
and then straightens into a traveling-wavy undulation.

From a hydrodynamic perspective, turning maneuverability that
is actively controlled by asymmetric body movements results in
unequal forces on both sides, thereby enabling a turn.13–16 For
instance, Schouveiler et al. experimentally investigated the generation
of horizontal (thrust) and lateral (lift) forces in a tethered flapping foil
with both symmetrical and asymmetrical movements.14 They found
that, in the asymmetrical case, a strong lateral force was produced
along with a significant decrease in the horizontal force, which is
advantageous for maneuvering the propelled vehicle. Studies on the
asymmetrical and symmetrical undulation of a simple flapping foil
show that asymmetric movement requires more energy compared to
the symmetric case.16 From a control perspective, this turning maneu-
verability is mostly under active control, where the brain needs to
actively send control signals to drive the locomotion muscle, etc.17

In this paper, we explore how burst-and-coast swimming, where
the oscillation during the burst is completely symmetrical, affects turn-
ing maneuverability. Here, burst-and-coast swimming is characterized
by the alternating tail movements between continuous undulating
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burst phases (bp) and non-undulating or gliding coast phases (cp).18,19

Burst-and-coast swimming is a widely observed swimming pattern in
fish, including zebrafish (Danio rerio),20 Rummy-nose tetra
(Hemigrammus rhodostomus),21 golden shiner (Notemigonus crysoleu-
cas),22 and others. Previous research on burst-and-coast swimming
has highlighted its significant energy-saving benefits, demonstrating
that it can reduce the cost of transport by over 50% compared to con-
tinuous swimming.23 These findings have been supported by numer-
ous computational studies,24–31 which have shown potential energy
savings of up to 60% and established universal scaling laws for various
kinematic parameters influencing energy efficiency in burst-and-coast
swimmers.25

Here, we used computational fluid dynamics simulations of a
self-propelled eel-like (anguilliform) swimmer in 3D to investigate how
symmetric burst-and-coast kinematics affect turning maneuverability.
Our computational model includes four dimensions (X, Y, Z, and
yaw) in 3D space. We systematically explored the effects of duty cycle
(DC), undulation period, and Reynolds number on turning maneuver-
ability, defined as the curvature of the resulting trajectories. In the
remainder of the paper, we first described the problem and outlined
the employed numerical method in Sec. II. We then presented the
main results derived from simulations in Sec. III, with a particular
focus on the swimming dynamics generated by the burst-and-coast
kinematics. Finally, Sec. IV summarizes the findings of our study and
provides a conclusion.

II. PROBLEM DESCRIPTION AND METHODOLOGY

The investigation was performed with a three-dimensional eel-
like (anguilliform) swimmer.33 In order to study the fluid dynamic
interaction of the flow with the burst-and-coast swimming body, we
assumed that the swimmer with a predetermined shape was con-
structed from elliptical disks with specified axis width and height
parameters, following the methodology outlined by Kern and
Koumoutsakos.32 This simplified model reduces the details of the fish
muscles and skeleton, such as stiffness, strength limitations, and curva-
ture limitations, and focuses mainly on the hydrodynamic interactions
between the body and the surrounding flow. The numerical swimmer
was characterized by a body length, denoted as L, and a maximal

tailbeat amplitude, A [Fig. 1(b)]. In our study, we maintained a con-
stant dimensionless maximal tailbeat amplitude of A=L ¼ 0:1.

During simulations, the swimmer was allowed to swim freely
with four degrees of freedom (4-DoF). It had the capability to propel
itself in the X, Y, and Z directions with velocities denoted as u, v, and
w, respectively, as illustrated in Fig. 1(a). Additionally, the swimmer
was capable of yawing with an angular velocity r around its center of
mass (COM), while pitching and rolling motions were constrained
[Fig. 1(a)]. It should be noted that the conclusions of the present work
remain valid when the swimmer is allowed to swim with pitching and
rolling motions (6-DoF simulations). More details can be found in
Appendix A.

Since fish utilize multiple undulating periods during the bp,29 we
defined the swimmer’s kinematics as follows:

yðx; tÞ ¼ f ðx; tÞ � AðxÞ � sin 2p � x
L
� t
Tu

� �� �
; 0 � t < Tb

0; Tb � t < Tb þ Tc;
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is employed to regulate the time-varying envelope of the tailbeat
amplitude. The swimmer’s kinematics, as described by Eqs. (1) and
(2), are inspired by the work of Ashraf et al.34 and Verma et al.35 In
the study by Ashraf et al., the authors recorded the undulation of the
midline of the tetra fish (Hemigrammus bleheri) in a shallow water
tunnel and extracted the fish’s locomotion as an analytical sinusoidal

FIG. 1. (a) Sketch of the computational
domain, where u, v, and w represent the
swimmer’s velocity components in the X,
Y, and Z directions, respectively, while r
denotes the yawing speed. (b) Geometry
and kinematics of the swimmer, where the
swimmer’s geometry follows the parame-
ters used by Kern and Koumoutsakos,32 L
denotes the body length, A ¼ 0:1L stands
for the maximal tailbeat amplitude, Tu is
the undulation period, Tb corresponds to
the duration of the burst phase (bp), Tc
signifies the duration of the coast phase
(cp), A� denotes the normalized undulat-
ing amplitude (scaled by A), and t� repre-
sents the normalized time (scaled by Tu),
respectively.
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traveling wave. In the work of Verma et al., the authors used a piece-
wise continuous function to control the envelope of the time-varying
amplitude of the swimmer, considering four time intervals corre-
sponding to acceleration in the burst phase, steady burst phase, decel-
eration in the burst phase, and the coast phase.

In our kinematics Eqs. (1) and (2), y represents the instantaneous
lateral locomotion, perpendicular to the direction of swimming, while
x is measured from the swimmer’s head (0 � x

L � 1). Here, AðxÞ
¼ ½0:02� 0:08 � x

L

� �þ 0:16 � ðxLÞ2� denotes the amplitude function.
We also normalized the undulating amplitude yðx; tÞ using the maxi-
mal tailbeat amplitude AðLÞ, denoted as A�. t represents time. Tb

denotes the period of bp, and Tc describes the period of the cp, with
Tu=Tb ¼ 1=3 referring to the time period of undulations in one direc-
tion and back, respectively. The present definition of kinematics
assumes that the swimmer, while undergoing traveling wave kinemat-
ics, maintains a constant projected length of the body in the swimming
direction. It is important to note that the kinematic equations are
defined in the local (body) coordinate system x � y � z of the swim-
mer, rather than in the global coordinate system X� Y� Z.

Under this definition [Eqs. (1) and (2)], different segments of the
swimmer experience varying undulating periods during the bp. As
depicted in Fig. 1(b), the head of the swimmer undulates over one Tu,
while the tail undulates over all Tb (3Tu). Unlike previous works,

25,28,30

which typically lead to the synchronized cessation of all swimmer seg-
ments, our equations result in a gradual cessation of movement from
head to tail, aligning more closely with the characteristics of real fish.
Moreover, this definition ensures that the swimmer generates laterally
symmetric motion (

Ð Tb

0
x
L dt ¼ 0) at arbitrary x

L during the bp.
Furthermore, we use the duty cycle DC ¼ Tb=ðTb þ TcÞ to describe
the duration of active undulations in burst-and-coast swimming.

The numerical investigations were conducted using the open-
source IBAMR software,36 which is a distributed-memory parallel
implementation of the immersed boundary (IB) method.37–39 This
software incorporates the Cartesian grid adaptive mesh refinement
(AMR) technique.40 IBAMR has been extensively applied in the study
of fish-like swimming.31,41–45 In the present simulations, the computa-
tional domain was modeled as a rectangular prism measuring
40L� 40L� 10L, with periodic boundary conditions applied along
the X, Y, and Z directions [Fig. 1(a)]. Specifically, the Robin boundary
conditions implemented using the Structured Adaptive Mesh
Refinement Application Infrastructure library have been used to gener-
ate the symmetric boundary. In our simulations, the structure is mod-
eled using Lagrangian points, with a total of 29373 points representing
the eel-like swimmer. Furthermore, we used the adaptive mesh refine-
ment (AMR) technique to refine Cartesian grids in the computational
domain. Four levels of refinement corresponding to vorticity thresh-
olds of jXj ¼ 0.5, 1, 2, 4 were used, and the Cartesian grids would be
refined when the magnitude of the fluid vorticity exceeds thresholds.
The COM of the swimmer was positioned at the geometric center of
the computational domain at t ¼ 0. For the grid convergence study,
three different grids with uniform mesh spacings of DX=L
¼DY=L¼DZ=L¼ 0.0 033 (M1), 0.001 (M2), and 0.0 008 (M3) are
considered when ðDC;Tu;ReuÞ ¼ ð0:5; 1=3 s; 1500Þ. The time step
size is fixed at Dt ¼ 10 3Tu. As shown in Fig. 2, the differences in the
time-dependent yawing speed between grids M2 and M3 were negligi-
ble. Based on this observation, Grid M2 was selected for the remainder
of the simulations, as it provides a balance between accuracy and

computational cost. Further convergence studies related to IBAMR
have been documented in our previous works30,46 and publica-
tions.30,41,44 More details about the numerical approach can be found
in Bhalla et al.41 The present simulation codes were based on an exam-
ple from IBAMR, which is available at https://github.com/IBAMR/
IBAMR/tree/v0.15.0/examples/ConstraintIB/eel3d. Further codes that
support the findings of this study are available upon request from
L.-M. Chao.

III. RESULTS

We conducted examinations of various parameters—duty cycle
(DC), undulation period (Tu, in seconds, s), and undulating Reynolds
number (Reu), defined as Reu ¼ AL

Tu�
, where � represents the fluid

dynamic viscosity—on the hydrodynamic characteristics of the self-
propelled swimmer, particularly focusing on turning maneuverability.
Here, we varied Reu by adjusting �. Drawing insights from studies on
the swimming performance of real fish,2,47,48 we established a baseline
condition with parameters ðDC;Tu;ReuÞ ¼ ð0:5; 1=3s; 1500Þ to assess
the impact of varying these parameters. We denoted normalized
hydrodynamic quantities obtained in simulations, scaled by their cor-
responding values under the baseline condition, using the superscript
þ. Simulations were conducted for a minimum duration of 30ðTb

þTcÞ to ensure statistically steady swimming trajectories, hydrody-
namic quantities, and wake structures.

A. Effect of DC, Tu, and Reu

Figure 3(a) illustrates the swimming trajectories in the X-Y plane
of the swimmer propelled by ðTu;ReuÞ ¼ ð1=3s; 1500Þ and various
DC values (DC ¼ 0:2; 0:4; 0:5; 0:6; 0:8; and 1.0), with negligible
swimming speed observed in the Z direction (w � 0). The swimmer
clearly exhibits quasi-circle turning paths, particularly noticeable when
DC ¼ 0:2, in contrast to the straight trajectories observed at continu-
ous gait (DC ¼ 1:0) and reported by previous studies on burst-and-
coast motion with restricted swimming degrees of freedom (e.g., Refs.
25 and 31 where yawing is typically restricted). This outcome suggests
that self-propelled swimmers with 4-DOF can achieve non-straight

FIG. 2. Grid-convergence study of self-propelled burst-and-coast swimming. M1,
DX=L¼DY=L¼DZ=L¼ 0.0033; M2, DX=L¼DY=L¼DZ=L¼ 0.001; M3,
DX=L¼DY=L¼DZ=L¼ 0.0008.
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turning using burst-and-coast swimming patterns through fluid–body
interaction, and that taking into account yawing is also necessary to
generate turning trajectories. Remarkably, a smallerDC, corresponding
to longer gliding motions within one burst-and-coast swimming
period, induces more pronounced turning motions. Additionally, we
noted that the turning direction is influenced by the initial undulating
direction. Moreover, we examined the effect of the initial phase / on
the swimming trajectory, on the swimming trajectory, focusing on the
out-of-phase cases (/ ¼ p), denoted by the subscript op. In the out-of-
phase case, the swimmer’s kinematics can be expressed as yðx; tÞ
¼ f ðx; tÞ � AðxÞ � sin½2p � x

L � t
T u

� 	
þ p� for 0 � t < Tb and

yðx; tÞ ¼ 0 for Tb � t < Tb þ Tc. As illustrated in Fig. 3(a), the swim-
ming trajectories produced by the DC ¼ 0:5 and DCop ¼ 0:5 cases are
symmetric about the X-axis. This observation suggests that adjusting
the initial phase can achieve swimming direction control.
Furthermore, the deflection of the swimming trajectories resembles the
deflection observed in vortex streets generated by tethered foils.16,49–52

Using a 2D heaving foil, Zheng and Wei found that the deflection
angle of the vortex street can be correlated with two effective phase
velocities, which represent the tendencies of symmetry breaking and
symmetry preservation, respectively.52 Further investigations into the
effect of the initial phase on swimming trajectories will be conducted.
To assess the turning maneuverability in burst-and-coast swimming,
we calculated the averaged curvatures k of observed swimming paths

from Y=L ¼ 0 to Y=L ¼ 10, where the bar symbol denotes the time-

averaged value. Figure 3(b) illustrates that k
þ

decreases with an

increase in DC (k
þ � 0 at DC ¼ 1:0), indicating that a smaller DC

results in significant turning maneuverability in burst-and-coast swim-
ming, i.e., a smaller turning radius. The linear least squares regression

was used to determine the relationship between k
þ

and controlled

parameters. Particularly, we found that k
þ 	 DC 0:35 for our simula-

tion cases [Fig. 3(f)]. These data-based scaling law suggests that k
! 1 (zero turning radius) when DC ! 0. The condition DC ¼ 0
can be related to three scenarios: no undulation, Tu remains constant
but Tu goes to infinity, and the swimmer undulating infinitely fast dur-
ing bp (Tb ! 0).31 The first scenario naturally cannot generate any
motion, including turning, while the rest of the scenarios are not realis-
tic in nature.

We further examined the impact of different DC values on the

normalized time-averaged speed V
þ

(where V ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þ w2

p
),

time-averaged power cost P
þ
, and the mechanical CoTþ

(CoT ¼ P=V , see Ref. 53) From the definition of CoT, it is understood
that a smaller CoTþ indicates more efficient swimming. Figures 3(c)
and 3(d) demonstrate that a larger DC, corresponding to prolonged
burst periods in certain simulation intervals, results in a higher time-
averaged speed [Fig. 3(c)] and incurs higher power costs [Fig. 3(d)].

Furthermore, our simulation results indicate that V
þðV Þ 	 DC0:6

FIG. 3. (a) Swimming trajectories at different DC values when t ¼ 0 40ðTb þ TcÞ, where jXj denotes the vorticity magnitude, and DCop indicates that the swimmer undu-
lates in the initially opposite direction at t ¼ 0. Dependency of normalized averaged (b) curvature k

þ
, (c) swimming speed V

þ
, (d) power cost P

þ
, and (e) cost of transport

CoTþ on DC. Scaling for (f) k
þ
, (g) V

þ
, and (h) P

þ
, respectively. The superscript þ describes normalized hydrodynamic quantities obtained in simulations, scaled by their cor-

responding values under the baseline condition. ðTu;ReuÞ ¼ ð1=3s; 1500Þ.
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[Fig. 3(g)], which differs slightly from previous research on burst-and-
coast pitching foils (u 	 DC0:5, see Ref. 25). Chao et al. found that the
pitching motion, considered as the traveling-wavy motion with an
extremely large wavelength, can generate higher propulsive force than
the undulating traveling-wavy motion,49 which may explain the differ-
ence between our findings and those of Akoz and Moored25 regarding
swimming speed scaling. Both previous research25 and our findings

indicate that P
þðPÞ 	 DC [Fig. 3(h)], as the power cost in burst-and-

coast swimming is primarily influenced by the effective burst time. As
expected, Figs. 3(g) and 3(h) further reveal V ! 0 and P ! 0 as
DC ! 0, respectively. This is because DC ¼ 0 resembles no undula-
tion during the bp. Figure 3(e) shows that CoTþ increases with an
increase in DC, indicating inefficient swimming at larger DC values.
For the scaling laws related to hydrodynamic performance (swimming

speed V
þ
and power cost P

þ
), we employed the linear theory to estab-

lish the relationship between these quantities and the controlled
parameters, as described in our previous work.46 Additionally, when
the swimmer utilizes burst-and-coast kinematics, our definition of
kinematics indicates that the tailbeat amplitude is not the same in two
consecutive undulation periods, Tb, as shown in Fig. 1(b). However, in
continuous kinematics, the swimmer maintains the same tailbeat
amplitude over consecutive undulation periods. Therefore, the quanti-
ties derived from continuous swimming (i.e., DC ¼ 1:0) have not
been included in the fitted curves corresponding to burst-and-coast
swimming.

The effect of Tu on the swimming behavior was investigated at
DC ¼ 0:5 and Reu ¼ 1500. Different Tu values result in distinct turn-
ing maneuverabilities in burst-and-coast swimming [Fig. 4(a)], with an
observed increase in Tu correlating positively with a larger k

þ
calcu-

lated within the range of 0 � Y=L � 10 [Fig. 4(b)]. As smaller Tu

implies a higher undulation frequency, Fig. 4(b) suggests that a slower
undulation enhances turning maneuverability. Moreover, a smaller Tu

led to higher power costs [Fig. 4(d)] and faster power transfer into the
fluid, resulting in increased swimming speed [Fig. 4(c)]. Using the
undulating swimming number Swu ¼ 2pLA

Tu�
inspired by Ref. 2 scaling

laws were derived linking turning maneuverability (k
þ
) and hydrody-

namic performance (V
þ

and P
þ
) to undulating periods, revealing

k
þ 	 Sw 0:65

u [Fig. 4(f)], V
þ 	 Sw1:33

u [Fig. 4(g)], and P
þ 	 Sw3

u
[Fig. 4(h)], respectively, where hydrodynamic laws are consistent with

recent models.31 According to the definition of Swu, k
þ

would
approach 1 as Tu ! 0 and approach 0 as Tu ! 1. These two sce-
narios are analogous to the conditions of DC ¼ 0. Furthermore,
Fig. 4(e) illustrated that swimming efficiency decreased (CoTþ

increased) as the swimmer undulated with smaller periods Tu.
At ðDC;TuÞ ¼ ð0:5; 1=3sÞ, we examined the influence of fluid

dynamic viscosity, represented by the undulating Reynolds number
Reu, on the turning maneuverability and hydrodynamic performance
of the self-propelled swimmer by adjusting �. As Reu increases, the
turning trajectories initially intensify and then diminish [Fig. 5(a)],
resulting in an increase followed by a decrease in curvature [Fig. 5(b)],

FIG. 4. (a) Swimming trajectories at different Tu s when t ¼ 0 30ðTb þ TcÞ. Dependence of (b) normalized averaged (b) curvature kþ, (c) swimming speed Vþ
, (d) power

cost P
þ
, and (e) cost of transport CoTþ on Tu, respectively. Scaling for (f) k

þ
, (g) V

þ
, and (h) P

þ
, respectively. Swu ¼ 2pLA=Tu�. (DC;ReuÞ ¼ ð0:5; 1500Þ.
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where k
þ
is calculated at 0 � Y=L � 5. Notably, when Reu ¼ 300, the

swimmer exhibits a quasi-straight trajectory (k
þ � 0), indicating

straight-maintaining trajectories under significant viscous effects.
Conversely, the swimmer appears to regain its turning motion toward
straight motion as Reu increases (indicating lower fluid dynamic vis-
cosity). As expected, the swimmer attains higher swimming speed with
increasing Reu [Fig. 5(c)], while the power consumption decreases due
to reduced viscosity [Fig. 5(d)]. Consequently, swimming efficiency
improves, evidenced by a decrease in CoTþ as Reu increases
[Fig. 5(e)]. Through data fitting, we have shown that there is a polyno-
mial relationship between k

þ
and Reu [k

þ ¼ C0þ C1Reu þ C2Re2u,
where C0, C1, and C2 are fitting constants; Fig. 5(f)], suggesting that
an optimal Reynolds number exists for achieving higher turning
maneuverability. Moreover, we derived ReV 	 Re1:48u [Fig. 5(g)], where
ReV ¼ VL=� denotes the swimming Reynolds number. This scaling
law resembles the relationship between the propulsive Reynolds num-
ber and the flapping Reynolds number of continuous flapping foils,54

indicating that both the continuous and burst-and-coast kinematics
share the same scaling law of swimming speed.55 Moreover, the power
cost is fitted as P

þ 	 Re 0:1
u [Fig. 5(h)].

B. Exploration of turning dynamics

Figure 6(a) illustrates the time history of the normalized yawing
speed r� (scaled by its maximal value) when ðDC;Tu;ReuÞ ¼ ð0:5;

1=3s; 1500Þ, providing insight into the generation of turning maneuver-
ability. The normalized yawing speed, r�, exhibits an undulating wave
pattern resembling the undulating kinematics in the bp and forms a
decay curve in the cp. When the swimmer impulsively starts from rest in
the bp, the circulation around the swimmer cannot immediately attain a
steady-state value, a phenomenon known as the Wagner effect.56,57

Consequently, the motion in the bp yields a non-zero time-averaged
yawing speed and provides a non-zero yawing speed at the start of the
cp [Fig. 6(a)]. During the cp, we found that the circulation around the
swimmer has a non-zero value, suggesting the presence of the Magnus
effect.58 As a result, the swimmers continuously experience turning tra-
jectories during cp. More details about the circulation calculation can be
found in Appendix B. Here, the total yawing speeds in the bp and cp are
non-zero, measuring �0.028 and �0.034, respectively. Overall, the
Wagner effect generates non-zero time-averaged yawing speed during
burst phases, while the Magnus effect maintains turning motion during
coast phases. The repeated occurrence of the Wagner effect and Magnus
effect during burst-and-coast swimming results in the generation of
turning maneuverability [Figs. 3(a), 4(a), and 5(a)]. This occurs without
necessitating active kinematic control, such as asymmetric motions of
the caudal and pectoral fins.14,16,59 Conversely, in continuous swimming,
the Wagner effect on the yawing speed gradually diminishes, yielding a
time-averaged yawing speed of zero,60 and the Magnus effect can be dis-
regarded. As a result, a swimmer with continuous kinematics is difficult
to generate turning maneuverability, as observed in our study.

FIG. 5. (a) Swimming trajectories at different Reu s when t ¼ 0 30ðTb þ TcÞ. Dependence of normalized averaged (b) curvature k
þ
, (c) swimming speed V

þ
, (d) power

cost P
þ
, and (e) cost of transport CoTþ on Reu, respectively. Scaling for (f) k

þ
, (g) V

þ
, and (h) P

þ
, respectively. ReV ¼ V L=� refers to the swimming Reynolds number.

ðDC; TuÞ ¼ ð0:5; 1=3sÞ.
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We further investigated the influence of DC, Tu, and Reu on the
total yawing speed generated in the bp and cp, respectively. Figure 6(b)
demonstrates that the normalized total yawing speed

Ð
rþb generally

increases with an increase in DC and Tu, with an optimal Reu corre-
sponding to a larger

Ð
rþb . Conversely, DC significantly affects the nor-

malized total yawing speed
Ð
rþc in the cp, where a longer coast

duration (smallerDC) results in a larger
Ð
rþc and thus significant turn-

ing motion [Fig. 3(a)]. The impulsive start in the bp naturally induces
a jump in hydrodynamic quantities, such as the yawing speed differ-
ence Drþb shown in Fig. 6(a) and the swimming speed [Fig. 4(b) in Ref.
25] As expected, Drþb is solely determined by the starting speed
(	A=Tu at the tail) of the swimmer, where a smaller undulating
period results in a larger Drþb [Fig. 6(d)]. Figure 6(e) illustrates how
DC, Tu, and Reu affect the difference in r� between the end of the bp
(start of the cp) and the end of the cp, denoted as Drþc . Dr

þ
c is positively

correlated with Tu and Reu when Reu � 2250, but inversely related
to DC.

C. Wake structures

Figure 7 illustrates the instantaneous wake structures of a self-
propelled swimmer with different control parameters DC, Tu, and Reu.
Five typical instants are considered: t� ¼ 0 (start of the bp), t� ¼ 1,
t� ¼ 2, t� ¼ 3 (end of the bp or start of the cp), and t� ¼ 6 (end of the
cp or start of a new bp). Here, t� represents the normalized time, scaled
by Tu. The three-dimensional vortex structures are visualized by iso-
surfaces of the Q-criterion.61 Generally, the self-propelled swimmer
produces a double vortex row located at the left and right sides behind
itself. The vortex structures gather at the tail of the swimmer during bp
(0 � t� � 3) and shed into the fluid during cp (3 � t� � 6). For
burst-and-coast swimming, only double vortex row structures are
observed in our work, whereas Borazjani and Sotiropoulos reported
that an anguilliform swimmer with continuous kinematics could

generate both single- and double-row flow patterns.62 Additionally, the
vortex row consists of multiple vortex rings generated during multiple
undulation periods Tu, which is different from the single and discon-
nected vortex rings of the continuous swimmer hypothesized by
M€uller et al.63

Figures 7(a) and 7(b) compare the effect of DC on vortex genera-
tion. The case withDC ¼ 0:2 exhibits narrower vortex rings compared
to the baseline condition with DC ¼ 0:5. This narrower structure
results in a concentrated jet flow through the center of the ring, which
is advantageous for generating the clockwise turning [Fig. 3(a)]. When
Tu decreases, the undulating swimmer introduces more vorticity into
the generated vortex. Consequently, a smaller Tu prolongs vortex
development and delays vortex pinch-off.64,65 As a result, the well-
organized vortex rings produced in the smaller Tu case [Fig. 7(c)] are
much farther apart compared to the baseline condition [Fig. 7(a)],
which benefits straight swimming [Fig. 4(a)]. This scenario is also
observed at Reu ¼ 3000 [Fig. 7(d)], corresponding to insignificant
turning maneuverability [Fig. 5(a)]. These results suggest that an opti-
mal combination of DC, Tu, and Reu is required to produce well-
organized vortex rings and powerful jet flow, which strengthen turning
maneuverability in burst-and-coast swimming.

IV. CONCLUSIONS

Our study provides a comprehensive analysis of the swimming
performance of burst-and-coast organisms, with a particular focus on
turning maneuverability. We have demonstrated that burst-and-coast
kinematics can induce significant turning trajectories using simula-
tions on a 3D self-propelled swimmer. This finding highlights the role
of passive fluid–body interactions, specifically the Wagner effect dur-
ing burst phases, which generates non-zero yawing speed, and the
Magnus effect during coast phases, which exacerbates body rotation,
thereby contributing to turning maneuvers. Our investigation into
control parameters has revealed that smaller duty cycles and longer

FIG. 6. (a) The time history of the normalized yawing speed r� (scaled by its maximal value) when ðDC; Tu;ReuÞ ¼ ð0:5; 1=3s; 1500Þ. Dr�b describes the r� jump at the start
of the bp, Dr�c refers to the r� difference between the end of the bp (start of the cp) and the end of the cp. The DC, Tu, and Reu effect on the total yawing speed

Ð
rþb in the bp

and total yawing speed
Ð
rþc in the cp, Drþb , and Dr

þ
c , are shown in (b) and (e), respectively.
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undulation periods enhance turning maneuverability in burst-and-
coast swimming. Furthermore, the effect of the undulating Reynolds
number follows a non-straight polynomial trend, indicating an optimal
range for maximizing turning maneuverability.

Turning performance is considered a critical aspect of locomo-
tion for many animals.66 The turning maneuverability achieved by
burst-and-coast swimming may offer several advantages for aquatic
animals. First, as demonstrated in our study and previous works,
burst-and-coast swimming consumes less energy [e.g., Fig. 3(d)],
which is beneficial for energy-efficient maneuverability compared with
asymmetric kinematics with additional power.16 Second, while burst-
and-coast swimming may result in slower overall swimming speeds
[e.g., Fig. 3(c)], it allows fish to gather additional sensory informa-
tion,67 such as visual, pressure, and chemical cues, aiding in determin-
ing swimming strategies. Finally, by adjusting burst-and-coast
kinematics, fish can achieve different turning trajectories, which can be
advantageous for both chasing prey and evading predators.

By understanding how swimmers achieve complex locomotion
through the interplay of transnational and yawing movements using
burst-and-coast kinematics, one can develop robotic systems that mimic
these efficient and adaptable swimming strategies. This research not only
enhances our knowledge of biological swimming but also informs the
engineering of biomimetic robots capable of maneuvering in challenging
aquatic environments with improved energy efficiency and agility.
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APPENDIX A: COMPARISONBETWEEN 4-DOF AND 6-DOF

Using an example case with ðDC;Tu;ReuÞ ¼ ð0:5; 1=3 s; 1500Þ,
we found that the 4-DoF simulation produced results equivalent to
those from the 6-DoF simulation for the purposes of our study. As
shown in Fig. 8(a), the trajectories of the swimmer’s center of mass
(COM) in the X� Y plane from both the 4-DoF and 6-DoF simula-
tions exhibit no significant differences. In the 6-DoF simulation, the
pitching and rolling speeds were nearly zero, while the 4-DoF simu-
lation inherently constrained these speeds to zero, as shown in Figs.
8(b) and 8(c). Additionally, both 6-DoF and 4-DoF simulations pro-
duced comparable yawing speeds, as shown in Fig. 8(d). Therefore,
the conclusions of the present work remain valid when allowing the
swimmer to swim with 6-DoF. Given that the 4-DoF simulations
require fewer computational resources, we opted for the 4-DoF
setup in our simulations.

Moreover, the use of 4-DoF may also be understood from the
principle of symmetry. Since the swimmer’s kinematics are con-
strained to the x � y plane and its geometry is symmetric, the swim-
mer cannot generate pitching and rolling motions. The turning

maneuvers observed in the simulations are likely the result of tem-
poral asymmetries during the burst and coast phases, rather than
pitching or rolling movements.

APPENDIX B: CALCULATION OF CIRCULATION

Since the swimming speed generated by self-propelled burst-and-
coast swimmers in the Z� direction is negligible, we calculate the two-
dimensional circulation around the swimmer at a specific slice corre-
sponding to Z ¼ 0. As shown in Fig. 9(a), a square region enclosing
the swimmer is selected to calculate the circulation during the coast
phase, with the square size set to 2L. For each line, 100 probes are
used to obtain the fluid velocity. The circulation is calculated as

C ¼
þ
C
uf � dXþ vf � dY

¼
ð
C1

vf � dYþ
ð
C2

uf � dXþ
ð
C3

vf � dYþ
ð
C4

uf � dX; (B1)

where uf and vf refer to the fluid velocity along the path in X� and
Y� directions, respectively. The variation of uf � dXþ vf � dY along
different paths is shown in Fig. 9(b). As a result, we found
C ¼ �0:02, a non-zero value, indicating the presence of the
Magnus effect. Additionally, this negative C suggests the clockwise
turning of the swimmer’s trajectory.

FIG. 8. Comparison of (a) swimming trajectories, (b) pitching speed, (c) rolling speed, and (d) yawing speed when the burst-and-coast swimming is allowed to move with 4-
DOF and 6-DOF.
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