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To investigate the manoeuvring performance of a body-caudal fin robot fish, a
numerical framework combining computational fluid dynamics and multi-body
dynamics with a closed-loop control algorithm was established in this study. Within
this framework, wemodelled a body-caudal fin swimmer as a multi-body systemwith
the shape of a NACA0012 hydrofoil. The manoeuvring performance was investigated
by using different curvature magnitudes and distributions along the centre line (the
curvature is defined by means of a curvature envelop function as part of the general
body undulation equation). To characterize the turning performance, a new parameter
named cost of manoeuvring (CoM) is proposed. This parameter provides a combined
assessment of the turning radius, linear and angular velocity components, and power. It
is found that when the body curvature is introduced, the swimmer switches from
straight-line swimming to quasi-steady turning at a constant speed. Further
investigations were conducted to study contributions of head and tail deformations
on the turning performance by comparing predominantly head and tail curved
envelopes. Results reveal that a tail-dominated envelope improves performance,
whereas a head-dominated envelope has a negative effect.
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1 Introduction

Through evolution, fish continuously adapt to their environment and develop local
optimal combinations of physique and behaviour. Depending on their usage of paired fins or
body undulation as the main thrust generating mechanism, fish are generally categorized as
median-paired fin (MPF) and body-caudal fin (BCF) types [1]. However, some fish are
observed to switch between MPF and BCF locomotor behaviours [2]. Species of fish that
switch between these two locomotion behaviours, known as decoupled locomotors, usually
live in complex environments in which agile acceleration, direction change and obstacle
avoidance are necessary. On the contrary, coupled locomotors are observed to inhabit
relatively simple environments [3]. These species (e.g., tuna) tend to specialise in steady
rectilinear locomotion, such as cruising. In the past, most studies have focussed on steady fish
locomotion [4, 5]. However, fish spend the majority of their time performing unsteady
locomotion [6].
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The termmanoeuvrability is used to describe the ability to perform a
range of unsteady motions, such as C- and S-starts, and turning
manoeuvres [6]. For example, the agile manoeuvrability of a fish is
displayed during C-starts when the fish accelerates from a stationary
state by means of a single large sweep of its tail fin to create two distinct
vortices that define the momentum and impulse at which the fish turns
and accelerates [7]. Streamlined BCF fish moving at an initial velocity can
perform unpowered turns due to their high fitness, characterized by the
body length to thickness ratio, while unstreamlined MPF fish have to
continuously generate thrust during turning manoeuvres due to their low
fitness [8]. Unpowered turns may lead to smaller turning radii [9], while
large animals with large inertia may prefer unpowered turns [3]. A simple
relationship between turning radius R and body mass m, R∝m0.37, as
well as a linear relationship R∝L between R and the body length L has
been reported [3].

Fish gain their high manoeuvrability from their inherently unstable
motion. The quasi-steady state of straight swimming of a BCF swimmer
relies on force symmetry over a full actuation cycle. Small perturbations
of fluid flow or body motion lead to the loss of force equilibrium and a
change in the heading direction [10]. During turning manoeuvres, fish
may also use fins as control surfaces to generate a turning moment [6]
or to balance forces [11]. Comprehensive knowledge of the
manoeuvrability of fish and other aquatic animals may become
useful to improve engineering designs.

Compared with a conventional rigid torpedo or open-frame ROVs
and AUVs, bio-inspired underwater robots and vehicle platforms may
feature significantly enhanced efficiency and manoeuvring capacity.
Indeed, tests of a free swimming robot tuna demonstrated turning
rates of up to 75° per second [12], exceeding the turning rates of
25–35° per seconds of a modern enhanced rigid hull AUV [13].
Further work on robotic fish manoeuvring can be found in the
literature, for example, on C-starts [14] and path following patterns
[15]. Robotic fish may perform turns with variable deflection angles
across multiple links [16]. This raises the question of what kinematic
parameters are energetically optimal.

An analysis of the fluid–structure interaction problemmay provide
further insights and opportunities to optimise the performance of bio-
inspired robots. Computational fluid dynamics (CFD) is a powerful tool
to compute time-dependent hydrodynamic forces and study the
performance of aquatic systems. The latest CFD tools coupled with
control algorithms enable dynamic simulations of unsteady phenomena
and investigations into optimal control.

Simulations coupling CFD and control algorithms have been
conducted, for example, on the optimal undulatory swimming of a
single and a pair of fish [5], on the fluid–structure interaction between a
self-propelled flexible plate near a rigid body [17] and on the energy
extraction of an independently controlled caudal fin [18].

In this work, a multi-body CFD tool [19, 20] was extended by a
linear feedback control algorithm to investigate the manoeuvrability
of a BCF swimmer. Related CFD work on manoeuvring and control
parameter tuning, turning performance and path following have
been reported [21, 22]. In these studies, only a single distribution of
the body curvature was considered. Therefore, simulations were
conducted to address a knowledge gap on the manoeuvring
performance of undulatory swimmers, specifically analyses of the
turning performances for different body curvature distributions.

BCF swimmers achieve an agile turning performance by controlling
the curvature of their bodies’ central line. To enable a bio-inspired robot to

duplicate this feature, optimal control inputs are crucial. The present work
aims to identify control parameters that enable BCF swimmers to achieve
smaller turning radii at lower power consumption. To quantitatively
characterize the tuning performance, we proposed a novel parameter,
i.e., the CoM.As part of the discussion, the general mechanisms relating to
BCFmanoeuvring bymeans of the body curvature are presented aswell as
the performance of different curvature distributions; more specifically,
constant curvature and linear curvature envelopes are analysed.

The paper is structured as follows: 1. Introduction, 2. Problem
description, 3. Problem modeling, 4. Setup, 5. Results and discussions 6.
Conclusion. In Section 3, the coupling of the simulation and its
components are briefly described, including the multi-body algorithm,
fluid solver and linear control algorithm. In Section 5, simulation results
are provided in two parts. First, results for a constant curvature envelope
at different magnitudes of the curvature are presented. Second, an
investigation into the contribution of the head and tail curvature via a
comparison between two linear curvature envelopes and a constant
envelope is discussed.

2 Problem description

A BCF swimmer accelerates against surrounding fluid in a periodic
motion by means of lateral undulation. Straight swimming or cruising is
achieved through lateral force symmetry over one undulation cycle. By
curving the body asymmetrically, the force imbalance results in amoment
on the swimmer. BCF swimmers move their anterior body (head) and
posterior body (peduncle and caudal fin) independently during turning
manoeuvres [11]. The turning moment may be a combination of a
posterior reactive force on the tail fin, anterior lift force, and reduced drag
force by aligning towards the new swimming direction.

The curving of the central body line is a key mechanism of moment
change in BCF manoeuvring [23]. To understand BCF swimmer
manoeuvring, the turning performance of BCF locomotion with
different curvature envelopes was investigated. Herein, a curvature
envelope describes the curvature distribution along the central line. To
investigate the self-propelled turning performance at different Reynolds
numbers and curvature envelopes, the scenario in Figure 1 was selected.
Two linear feedback controllers were used to reach the required speed and
maintain straight-line swimming until the prescribed curvature is applied.
From a state of rest, the swimmer will accelerate by means of undulation
motion to a predetermined swimming speed to achieve a desired
Reynolds number. When this forward velocity is reached, the body
curves according to a prescribed curvature envelope. The investigation
does not consider any behavioural factors and assumes that all body
motions are focused on benefiting turning performance.

3 Problem modelling

In this work, a coupled CFD multi-body simulation environment
was applied [19, 20]. The commercial CFD software package Ansys
Fluent 22.1 was coupled with a multi-body dynamics algorithm utilising
an in-house developed user-defined function (UDF). This method solves
the internal and external dynamics of a multi-body system in a CFD
environment at each time step through three recursions and one
numerical integration. A linear feedback control algorithm completes
the simulation setup. A control signal flow graph is shown in Figure 2. A
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detailed description of the CFD tool and validation results are given in
Supplementary Appendix SA, SB and in the literature [19, 20].

3.1 Computation of hydrodynamic
forces—computational fluid dynamics

The fluid domain, governed by the Naiver–Stokes equations, was
solved using the finite volume method. The incompressible flow
governing equations for continuity and momentum are given in Eqs.
1, 2, with �u � (u, v) the fluid velocity vector, p fluid pressure, μ fluid
kinematic viscosity, and ρ fluid density.

∇ · �u � 0, (1)
∂ �u

∂t
+ �u · ∇( ) �u � −1

ρ
∇p + μ

ρ
∇2 u.→ (2)

The transient equations are computed by a pressure–velocity
coupling using a non-iteration time-advancement (NITA) scheme,
which allows direct solutions with only one outer iteration and sub-
iterations to support convergence. The momentum and continuity
equations are decoupled in the selected NITA pressure-based solver
fractional-step method (FSM). A relaxation factor was applied. For
the transient terms, a first-order implicit time marching scheme was
selected. Spatial discretisation and discretisation of the diffusive
term were achieved by applying the least squares cell-based
approach for the gradient and second-order upwind scheme. To
improve accuracy, second-order pressure interpolation was selected.

The unstructured CFD mesh dynamically adjusts to the global
motion of each surface node defined by the body motion of the
swimmer. For a continuous flexible body, the lateral position of the

surface points were linearly interpolated between the local coordinate
system of the current and ascending body. To maintain a high mesh
quality throughout the computational domain, the dynamic meshing
function available in Ansys Fluent was selected. For small
displacements, the mesh was adjusted by diffusion-based
smoothing. For large displacements, remeshing of the unstructured
mesh was applied. The unsteady time step and mesh sizing were
selected based on the Courant convergence criteria.

3.2 Multi-body algorithm and swimmer
kinematics

The multi-body algorithm describes the internal and external
dynamics of a multi-body system by solving the generalised equation
of motion in the Newton–Euler form shown in Eq. 3 via three recursive
loops through the elements of themulti-body system. The components of
Eq. 3 are the generalised force vector β0*, including fluid forces and inertial
forces, the generalisedmass matrixM0

*, and the acceleration vector η0 of
the reference body B0. Thus

β0
* � _η0M0

*. (3)
A simplified fish geometry was considered a multi-body system in

the shape of a 2D NACA0012 foil comprising body segments connected
via actuated links along the central line that resemble muscle actuation.
The NACA0012 geometry was separated into 10 equal cord length body
segments with nine joints.

The local coordinate systemB0 was the starting point of the recursive
loop. The undulation of the body was achieved through rotational
motions around the joints (including a sinusoidal motion for

FIGURE 1
Simulation setup.

FIGURE 2
Signal flow graph.
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undulation and an offset to curve the bodywith respect to the central line)
shown in Figure 3. The length of the individual segments li is evenly
distributed and fixed, resulting in a central line length of L � 0.1m.

The rotational motion of a segment around its front linkage at
location s is given by

r s, t( ) � A s( ) sin −2π ft + φ s( )( )( ) + C s( ), (4)
where f is the undulation frequency and t is the time. The amplitude
envelope A(s) and phase φ(s) are defined by

A s( ) � c1
s /L + c2( )
c3

, (5)

φ s( ) � s

L
, (6)

with c1, c2, and c3 being kinematic coefficients. The offset termC(s) was
introduced to achieve the turningmanoeuvre. The present study includes
two curvature envelopes. First, a constant curvature envelope with a
uniform offset at all joints and magnitude coefficient c4 is described by

C s( ) � 0.15 c4. (7)
Second, a linear curvature envelope from the leading to trailing

edge is described by

C s( ) � 0.15 c5
s

L
+ c6, (8)

where coefficients c5 and c6 define the slope and offset of the linear
envelope respectively.

The total curvature of the swimmer is defined as the sum of the time-
independent joint displacement over the swimmer length, which is as
follows

κ � ∑9
i�0
ri /li. (9)

Tables 1, 2 summarise the total curvature and coefficient values
used in an investigation into the curvaturemagnitude in Section 5.1 and
comparison of envelopes in Section 5.2 respectively. The coefficients c5
and c6 were chosen for linearly increasing and decreasing envelopes to
observe performance differences of predominantly head or tail curvings.

3.3 PID control

To investigate the turning performance at different forward velocities
while maintaining a horizontal heading of the swimmer before turning,
two linear feedback controllers were employed. Linear and angular
swimming velocities are determined by the swimmer’s undulation
amplitude and curvature. Therefore, to implement speed and heading
control, control variables ca and cS are added to Eq. 4 so that the joint
motion is described by

r s, t( ) � ca A s( ) sin −2π ft + φ s( )( )( ) + cS C s( ). (10)
Abrupt changes to ca and cS will lead to unintended chaoticmotion.

Instead, a cosine-based transition function which enables smooth
transitions between different states over one oscillation period Δtl �
T � 1

f was employed. Let ccontrol represent either ca or cs, we have

ccontrol � c tl−1( ) − c tl−1( ) − c tl( )
2

1 − cos πt0,1( )( ), (11)

where c(tl−1) and c(tl) are the current control variables sampled at the
beginning of the previous transition period and the new control variable

FIGURE 3
(A) Simplified fish geometry modelled as NACA0012. (B) Relation between global, local and reference coordinate systems, and the relative rotation
between joints according to Eq. 4.
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sampled at the beginning of the current transition period respectively. t0,1
runs correspondingly to the general time step but resets to 0 when
reaching 1.

Equation 10 does not require a global reference to produce a
travelling wave function; hence, it can be considered an open loop
with control inputs ca and cs. To enable setpoint tracking for speed
control and steering towards waypoints, a closed-loop PID controller was
applied to calculate ca and cs as functions of the error defined as

e tn( ) � f∑n
k�0

e tk( )Δtk, (12)

with e(tk) being the control error at sampling time. To remove
periodicity, the signal was averaged over the oscillation cycle T. Based
on the time discrete solution of a CFD simulation, the PID controller was
implemented in a time discrete recursive form given by Eqs. 13, 14.

u tk( ) � u tk−1( ) + Δu tk( ), (13)
Δu tk( ) � Kp e tk( ) − e tk−1( )[ ] + KITse tk( )

+ Kd

Ts
e tk( ) − 2e tk−1( ) + e tk−2( )[ ]. (14)

There are three individual time steps. First, the numerical
simulation time step denoted as Δts = ts+1 − ts. Second, the
controller sample time Δtk � tk+1 − tk. Third, the controller update
interval atΔtl � T � 1

f. The periods were defined so that Δts ≤Δtk <Δtl.

3.4 Setpoint tracking for speed and
navigation control

Two separate controllers for speed and steering control were used.
The first PID controller controlled the speed by varying the
undulation amplitude. The control coefficient ca is calculated
based on the error between a speed setpoint and the swimmer’s
velocity. The swimmer’s heading directed velocity is calculated as the
root square of the cycle-averaged global velocities in Xe and Ye, as
shown in Eq. 15.

Vswim �
�������
�V
2
x + �V

2
y .

√
(15)

The control action is limited to 0≤ ca ≤ 1.
To achieve tracking of a set velocity Vset, we defined the control

error at sampling time as follows

evel tk( ) � Vset − Vswim. (16)

In this study, Vset is selected to achieve the desired Reynolds
numbers Re = 2,000, 1,500 and 1,000; thus, Vset = 0.02, 0.015 and
0.01 m/s respectively.

The second PID controller adjusted the curvature magnitude by
calculating the control coefficient cS based on the error between the
line of sight (LOS) angle and the heading angle. LOS navigation was
used to provide a reference angle θ between the swimmer’s current position
and a waypoint. Using the origins of the local coordinate systems
B0(xB0, yB0) and B1(xB1, yB1) together with the coordinates of the
waypoint (xwp,ywp) (all measured in the global frame), θ can be
calculated as follows

θ � atan
yB1 − ywp

xB1 − xwp
( ), (17)

and the heading of the fish α was calculated by

α � atan
yB1 − yB0

xB1 − xB0

( ) . (18)

To achieve LOS waypoint tracking the control error is defined as
follows

eLOS tk( ) � θ − α . (19)
The control action was limited to −0.2≤ cs ≤ 0.2.

3.5 Controller tuning and stability

Both speed and steering controllers were tuned to achieve a critically
damped response, i.e., control gains (KP,KI, andKD) according to Eq. 14
were chosen manually to achieve a fast-converging system response
without significant overshoot. Initial control gains were found in [5].
The final used control gains for speed and steering were as follows: KP �
5,KI � 5,KD � 55 and KP � 0.03,KI � 0,KD � 0.1. These tuning
parameters further avoid unstable fluctuations; consequently, the
controller can be considered stable according to the limit cycle
behaviour [24]. It also demonstrates that reduced overshoot and faster
convergence can be achieved by choosing proper control gains.

4 Setup

4.1 CFD simulation setup

As shown in Figure 4, the computational domain is 25 L by 8 L,
in which the swimmer’s leading edge is originally located at 5 L by
4 L from the bottom right corner. Herein, L is the fish body length.
The unstructured CFD mesh sizing is Δxy � 1

3333 at the swimmer
boundary and increases to Δxy � 1

33 in the far field. The time step
was set to Δts � T/250, where T is the undulating period. Coefficients of
the amplitude function of Eq. 5 were chosen to follow an anguilliform

TABLE 2 Summary of coefficients used in constant and linear curvature envelopes with the total curvature remaining unchanged.

Total curvature κ [rad/m] Constant envelope [-] Head turning envelope
(lind ) [-]

Tail turning envelope
(linu) [-]

8.1 c4 � 0.6 c5 � −1 c6 � 1.1 c5 � 1 c6 � 0.1

TABLE 1 Summary of coefficients used in a constant envelope.

Total curvature κ [rad/m] 2.7 5.4 8.1 10.8 13.5

c4 0.2 0.4 0.6 0.8 1.0
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pattern described in the literature [25] with coefficients
c1 � 0.125, c2 � 0.0315 and c3 � 1.03125. Initial control coefficients
were chosen as ca(ts � 0) � 0, ca(ts � 1) � 0.1 and cs � 0.0 for
ts < 2T. The velocity inlet condition is set to zero so that the swimmer
starts in still water.

4.2 Kinematic parameters and cost of travel
considerations

The Froude efficiency describes the useful output power over the input
energy and is often used to assess engineering systems.With respect to the
simplified BCF fish swimming scenario, it describes the relation between
energy required to realise the body undulation and the swimming work.
Herein, the swimming work is defined as the product of a longitudinal
force on the body and swimming velocity. For a fish following a straight
trajectory at constant speed, i.e., moving at a quasi-steady state, the cycle-
averaged longitudinal force is zero due to the balance between the thrust
and drag. The resulting Froude efficiency is zero and therefore not
applicable. First mentioned as Self-Propelled Fitness [26] and later
proposed as an efficiency measure [27], the quasi-propulsive efficiency
is defined as ηQP � RUs/Pin, where the output power of a swimming fish
is approximated by the product of the swimming speed Us and the
resistance force R on a rigid body towed at the same speed. Alternatively,
the cost of travel (CoT), the ratio of the energy spent per unit distance
travelled, is often used in life science as a quantitativemeasure of energetics
in locomotion. The performance of turning fish was evaluated based on
the minimum turning radius derived from the trajectory of the centre of
mass [6]. Importantly, for an identical centre of mass trajectories the
required turning space may differ depending on the swimmers’ body
flexibility [28].

The linear manoeuvrability number (LMN), first mentioned to
assess the manoeuvrability of an on-land hexapod [29], has also been
used to quantify fish manoeuvrability [6]. The LMN is defined as the
ratio of the time integral of the force impulse perpendicular to the
forward momentum.

Ideally, a quantitative measure of manoeuvrability must provide a
combined assessment of power consumption as well as linear and angular
displacement. In that sense, CoT and LMNare not suitable. In this study, a
modified cost of travel function for turning is applied. The cost of
manoeuvring (CoM) is defined as the ratio of the cycle averaged input
power to global angular velocity

CoM � Pin

ωglobal
� Pin

Us,⊥
rt

. (20)

The average input power was calculated as the sum of all joints’
cycle-averaged power (defined as the product of cycle-averaged
torque and angular velocity), which is given as follows

Pin � ∑n
j�0
τj _rj. (21)

The global angular velocity was calculated using the radius rt of
the turning trajectory and perpendicular forward velocity Us,⊥. The
turning radius was calculated using the MATLAB function [30]. To
filter out the curvature of the instantaneous undulation trajectory,
the curvature was calculated using points of the cycle-averaged
trajectory sampled at an interval of one undulation cycle period T.

Analogous to CoT, CoM relates the energy spent per unit distance
travelled; therefore, a performance increase is indicated by a smaller
CoM. With its current definition, CoM is not suitable to assess straight
swimming.

5 Results and discussions

5.1 Effect of added body curvature and
quasi-steady turning state

Undulatory swimming shows a characteristic periodicity stemming
from vortex shedding during the peak and trough of the body motion.
Straight-line swimming at a constant cycle-averaged speed is described as
the quasi-steady state at which body forces are in balance over one

FIGURE 4
CFD computational domain setup and boundary conditions.
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undulation cycle. To initiate turning, force symmetry is broken by the
curving of the body’s central line. Changes in the position of the centre of
mass,moment of inertia, and resulting biased cycle-averaged loads lead to
a net moment and subsequent angular acceleration. Figure 5 plots the
yaw moment of an accelerating and turning swimmer, according to the
setup of Figure 1 for Re = 2,000 and constant curvature. Three distinct
periods are visible, i.e., a transition period from a static state to a quasi-
steady state (t = 0–25 s), a transition period during which the central line
curves into an equally distributed curvature of κ= 8.1 rad/m (t = 25–27 s)
and, finally, a period of a quasi-steady turning state (t = 27–35 s).

The vorticity contour of each period is shown in Figure 6. Beginning at
the quasi-steady state, the reverse Karman vortex street remains horizontal
and periodically symmetric. During the transition stage, the body curves
and changes the heading direction. Meanwhile, vortices are shed at a non-
zero angle. In the third stage, the re-oriented swimmer continues
undulation around the curved central line and reaches the quasi-steady
turning state. It is found that the time-averaged angular velocity appears to

be zero during straight swimming (t< 25 s). After that, the swimmer
maintains a time-averaged angular velocity of 0.2 rad/s. Surprisingly,
turning has only a negligible effect on the heading directed velocity.

The input power to fulfil the undulation motion reflects the effort of
the swimmer to accelerate against the surrounding fluid. As shown in
Figure 7, during the initial acceleration, the longitudinal force peak
coincides with an input power peak at approximately t = 7 s. Herein,
the longitudinal force and power peak also correspond to the acceleration
peak. From there onwards, the swimmer continues to accelerate to the
targeted velocity but at a decreasing rate. At the quasi-steady turning state
fromapproximately t = 27 s, the cycle-averaged power converges to a stable
value close to zero. The power consumptions during the quasi-steady state
straight-line swimming and turning are close to each other, which suggest
that the extra effort required for turning, once it is initiated, is insignificant.

Observations of the aforementioned three states are consistent across
different curvaturemagnitudes and investigated Reynolds numbers (Re =
1,000, 1,500 and 2,000). A linear increase in themagnitude of the constant
curvature envelope results in a close to linear increase in power
consumption. The resulting turning angle decreases with increased
curvature yet flattens out at the end, as shown in Figure 8. This
results in a decreasing CoM for an increased curvature. For all
Reynolds numbers, a similar pattern was observed, where the radius is
the dominant variable in the CoMcalculation due to its reductionwith an
increased curvature.

5.2 Comparison of curvature envelopes

Fish turn both their head and bend their tail in a turning manoeuvre
[11]. In the following, the contribution of the head and tail movement
towards turning was investigated by comparing three curvature
envelopes with the same total curvature. The three selected envelopes
are a constant envelope (equal offset across all joints), a linearly increasing
envelope denoted as linu (predominantly tail curved) and a linearly
decreasing envelope denoted as lind (predominantly head curved). The
kinematic parameters of these cases are shown in Table 2. The Reynolds
number in this part is fixed at 2,000.

As shown in Figure 8A, the cycle-averaged drag shows two
distinguishable phases during the turning transition period. These are

FIGURE 5
Instantaneous moment and cycle-averaged moment showing
the three transition states. Re = 2000.

FIGURE 6
Vorticity contour of the constant envelope: left-quasi-steady state at t = 25 s, middle-transition state at t = 26.4 s, and right-quasi-steady turning
state at t = 34.4 s. Re = 2,000.
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highlighted as phases I and II. Following general observations, negative
drag forces correspond to swimming velocity acceleration and positive
drag forces correspond to swimming velocity deceleration in the heading
direction. Therefore, Phase I may be associated with the initial body
curving against the longitudinal moving flow, leading to an increase in
drag forces and subsequent deceleration. Likewise, Phase II may be
associated with the first full sweep with a curved centre line, increasing
the thrust and thus acceleration.

When comparing the constant envelope with the average of both
linear envelopes, the curves show close agreement (see Figure 9). It
leads to the conclusion that the constant envelope can be segregated
into head and tail contributions. According to Figure 9B, the
predominantly tail turning envelope achieves a sharper turn with
a smaller turning radius. This, together with the close match between
a constant envelope and averaged linear envelopes, suggests that
head turning has a negative effect on the turning performance.

A comparison of the heading angle and passing fluid velocity
angle may provide an explanation. As shown in Figure 10, in the

FIGURE 8
(A) Turning radius and power input for an increasing curvature at
Re = 2000. (B) cost of manoeuvring for increasing curvature.
Re = 1,000, 1,500, and 2,000.

FIGURE 7
Cycle-averaged drag force and power expenditure for a constant
envelope. Re = 2,000.

FIGURE 9
(A) Time histories of the drag force with different curvature
envelopes. (B) Trajectory of a constant envelope, linear envelopes, and
averaged linear envelopes.
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predominantly tail curving envelope, the heading angle leads the
fluid angle (i.e., the relative angle of attack of the flow). In contrast,
for the predominantly head curving envelope, after an initial peak,
the heading angle is behind the fluid angle. For the constant
envelope, the angles are closely aligned, with the heading angle
slightly leading the velocity angle.

A leading heading angle may positively influence the turning
performance, where it provides additional moment for the
rotation and reduces the counter rotation moment. Figure 11
shows a schematic representation to highlight the mechanism. A
strong tail sweep may provide sufficient moment and energy to
turn the swimmer in front of the passing fluid stream by
providing additional pressure force to create a moment in the
turning direction. Meanwhile, as the tail now sweeps in the

opposite direction, the fluid force acting on the head may
provide a dampening effect that reduces the counter turning
moment. Evidence of this can be seen in the reduced counter
turning moment amplitude shown in Figure 12. On the other
hand, a curved head may negatively influence the turning
performance where it does not create sufficient moment to
rotate the swimmer in front of the fluid stream. Additionally,
the reactive force during curving of the head leads to a counter
turning moment and, as a result, reduces the positive turning
effect of the tail curvature. Furthermore, a curved head may
provide less resistance during counter turning undulation.

The negative contribution of head turning on the turning
performance is also visible in the cycle-averaged power curve in
Figure 13.

FIGURE 10
Instantaneous and cycle-averaged heading and incoming flow velocity angles for (A) tail turning, (B) head turning, and (C) constant envelope.
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6 Conclusion

This work focussed on the unsteady swimming performance of a
BCF swimmer during turning. A controllable self-propelled simulation
of a BCF swimmer that performs a turning manoeuvre at an intended
forward velocity and different body curvature envelopes was created by
adding a linear feedback control algorithm to aCFDmulti-body tool. By
modelling the simplified fish geometry as a multi-body system,
information is obtained of joint torque resembling a bio-inspired
robotic system so that it is possible to find measures to improve the
controllability and turning performance. Implementing a control
function within a high-fidelity fluid solver allows for accurate force
representation and detailed fluid flow analyses.

Results show the swimmer reaching a quasi-steady turning state
similar to the quasi-steady state during rectilinear swimming. The
swimmer switches from a rectilinear trajectory to a curved trajectory
of a stable, periodically repeating state of turning through a transition
stage, during which the body curvature is added. For a constant
envelope, it is shown that the turning radius is related to the

magnitude of the body curvature. With increased curvature, the
power consumption increases linearly, while the turning radius
decreases but eventually flattens out.

To identify the contributions of head and tail curvatures on the
turning performance, we have compared predominantly head curved,
predominantly tail curved and constantly distributed curvature
envelopes. The investigation revealed symmetry between the head-
dominated and tail-dominated envelopes so that the averaged results
show a close agreement with the constant envelope in terms of force and
trajectory. This leads to the conclusion of distinguishable contributions
of the head and tail curvature on the performance. Furthermore,
simulation results show the overall superior turning performance of
the predominantly tail curved envelope, highlighting the negative effect
of head turning. This leads to finding control parameters that enable
smaller turning radii at lower power consumption. Unlike most of the
existing research, the present study considers a more biologically
realistic scenario by considering a variable body curvature.
Therefore, the findings may be useful for the design of bio-inspired
underwater robots with regards to manoeuvrability and stability.

FIGURE 11
Schematic representation showing the heading angle effect on moment during undulation amplitudes.

FIGURE 12
Time histories of the cycle-averaged moments with a constant
envelope, linear envelopes, and averaged linear envelopes.

FIGURE 13
Time histories of the cycle-averaged power of a constant
envelope, linear envelopes, and averaged linear envelopes.
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This work proposes a new quantitative measure of turning
performance, the cost of manoeuvring. CoM provides a combined
assessment of power, turning radius and speed. Simulations show that
the CoM is improved in a larger body curvature, with a reduced radius
as the dominant factor. When the power linearly increases, the radius
linearly decreases but flattens out. Among the three curvature envelopes
that were examined, the predominantly tail curving envelope achieves
the smallest turning radius and best power performance and,
subsequently, the best CoM.
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