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Abstract—With the vast demand in marine development, robotic
fish show promising potential in underwater exploration for their
high-performance propulsion ability. However, fish-inspired robots
are yet to utilize the structural flexibility of rhythmic actuation
such as bony fish (Osteichthyes). The Body and Caudal Fin (BCF)
locomotion in fish optimizes the use of muscle power and body
flexibility by synchronizing muscle activation with the undulating-
oscillatory tail-flapping, such as Thunniform, while robotic fish
are primarily designed as motion trackers rather than as efficient
swimmers. In this article, we propose a power allocation strategy
(PAS) that imitates muscle rhythmic actuation, which increases the
flapping amplitude by the coupling of the peduncle motion and the
tail deformation. Inspired by this peduncle-tail mechanism, we de-
veloped a direct-drive fish robot (DDRFishBot). The DDRFishBot
is enhanced by our developed PAS in tail-elastic potential energy
release by 228%, in propulsion by 45.6%, and in efficiency coeffi-
cient by 16.3%. This study establishes the performance enhance-
ment principle of exploiting tail flexibility through a simple scotch
yoke mechanism, expanding the performance space of fish-inspired
tail-flapping swimming robot.
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I. INTRODUCTION

W ITH the surge in ocean exploration, the expanse and
resistance of the aquatic environments pose significant

challenges for underwater equipment in long-distance cruising,
hovering for observation, and high payload capability [1], [2],
[3], [4], [5]. Researchers take inspiration of marine animals to de-
sign bionic robots, aiming for extensive spatial locomotion and
effective power transformation. Compared to the conventional
propeller, marine animals, particularly fish, have evolved excep-
tional swimming abilities in aquatic environments over millions
of years, exhibiting remarkable efficiency, speed, and maneu-
verability [6], [7], [8], [9]. Besides, bionic propulsion has great
adaptability in complicated and unstructured areas, which makes
fish an outstanding model for developing high-performance
swimming robots by exploiting their intrinsic mechanisms.

In decades, researchers embarked on a thorough study of
fish, especially body-caudal fin (BCF) swimmers, focusing on
the tail-flapping mechanism, for a deeper understanding of the
biomechanical principles in underwater propulsion [10], [11],
[12], [13]. Lighthill proposed the elongated body theory (EBT),
indicating the relationship between linear velocity of the tail tip
and propulsion [14]. The robotic experiments and fluid dynamics
analysis simplify the caudal fin motion to a flexible beam model,
aiming to elucidate the impact of actuation pattern, tail structure,
and surrounding vortex on propulsion force and efficiency [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24]. Based on the
quantitative analysis, it has been found that the mechanical
resonance of the flexible tail can maximize the tail-flapping
amplitude and reduce the mechanical cost of the actuation [25],
[26], [27].

However, there is still a gap between the propulsion capability
of robots and fish. The robot has not fully replicated the capabil-
ity of fish in biomechanical coordination, while the basic propul-
sive components, muscle (motor), myotome (transmission), and
tail (propeller) of fish are instinctively coordinated [28], [29],
[30]. But the current acknowledgment of mechanical resonance
is yet sufficient to explain the comprehensive biomechanical
behaviors of how the body flaps the tail through coordinating
rhythmic drive and structural flexibility [31], [32]. While the
energy required for swimming in fish is temporarily stored in the
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body as elastic energy and transformed to propulsion through the
tail, robotic fish primarily focus on mimicking the body shape
through mechanical deformation with rarely investigation about
the energy transformation mechanism [7], [8], [33], [34], [35],
[36], [37], [38]. Biological studies point out that the activation
pattern of fish muscle is tailored to specific swimming mode
to ensure the power transformation from muscle contraction to
tail-flapping, showing a potential and uninvestigated enhance-
ment mechanism by combining rhythmic actuation and structure
flexibility [36], [39], [40].

To explore this problem, researchers are trying to synergize
the rhythmic actuation and tail flexibility on the bionic robot
to exploit uncovered performance potential. Unlike rigid robots
are restricted by prescribed input, bionic robots with compliant
components naturally produce organism-like responses through
environmental interaction, which allows researchers to validate
the biological hypothesis through engineering methods [34],
[41], [42], [43]. Combining structural modeling and multimodal
data acquisition, the effects of locomotor configurations on
performance can be quantitatively compared. Based on that,
this yielded numerous achievements, promoting the develop-
ment of underwater bionic robots and the understanding of
the intrinsic mechanism in underwater propulsion [15], [44],
[45], [46], [47], [48], [49], [50], [51], [52], [53], [54], [55],
[56]. Zhong et al. [57] reported that the muscle tension of the
tuna-like robot should scale with the square of swimming speed
to maximize efficiency. Zhu et al. developed a high-frequency
robotic platform, Tunabot, based on yellowfin tuna and Atlantic
mackerel to explore the performance space of high-frequency
fish swimming [58]. Thandiackal et al. [59] demonstrated that
a robot mimicking the neuromechanical system of undulatory
swimmers can achieve self-organized swimming through local
hydrodynamic force sensing. These novel mechanical designs
and control strategies make the bionic robot recreate and utilize
the intrinsic swimming mechanism involving body-structural
elastic vibration to enhance propulsion. Previously, our group
developed a series of underwater soft robots based on the simple
yet effective bioinspired principles [60], [61], [62], [63]. Among
them, the Big Bay Fish [64] broke the Guinness World Record
for the fastest swimming robotic fish in a 50 m pool with a time of
22.16 s, by utilizing a synergy method between peduncle motion
and tail-flapping for the first time, which is considered as a key
factor for self-exploited performance enhancement. Considering
the promising potential, here we uncover the coupling between
rhythmic actuation and tail flexibility to establish a bioinspired
control strategy that imitates intrinsic biomechanical coordina-
tion for propulsion enhancement of fish-inspired tail-flapping
swimming robot.

This article focuses on the coupling effect between the pe-
duncle motion and tail vibration, where the passive rebound
behavior of the tail brings benefits for the robotic fish propul-
sion. By controlling the power allocation of driving motor, the
rebound of the flexible tail can be regulated to improve the
tail-flapping amplitude and hence the propulsion performance.
A deformation model is derived to describe the tail-flapping and
tail-elastic potential energy (T-EPE) under rhythmic actuation.
A bioinspired prototype is developed with a peduncle-tail direct-
drive mechanism, achieving superior performance compared to

state-of-the-art works, described by the nominal thrust to input
ratio (NTIR), without adding extra controllable hardware. The
main contributions are as follows.

1) We proposed a power allocation strategy (PAS) based
on rhythm actuation for bionic fish that can regulate the
coupling effect between the peduncle motion and the tail
vibration to enhance propulsion.

2) A deformation model describing the tail-flapping pattern
under rhythmic peduncle actuation is derived based on the
pseudorigid-body model (PRBM), through which the re-
lationship between the tail elastic vibration and propulsion
enhancement is obtained.

3) Drawing inspiration from the peduncle-tail mechanism, a
direct-drive fish robot (DDRFishBot) is developed for ex-
perimental validation. By utilizing the inherent structural
flexibility of the tail, the DDRFishBot can enhance and
expand the controllable space of propulsion performance,
without the need for additional drive mechanisms for body
deformation or stiffness adjustment.

The rest of this article is organized as follows. Section II
presents the bioinspiration and modeling of rhythm actuation.
Section III includes the design and fabrication of the DDR-
FishBot, along with experimental setup and data processing
procedure. Section IV validates the impact of rhythmic charac-
teristics on the bionic propulsion mechanism. Finally, Section V
concludes this article.

II. MODELING OF TAIL-FLAPPING STRATEGY

A. Muscle Activation Pattern of Fish Swimming

BCF swimmers undulate the body to push the water by
the coordination of power generation and transmission through
muscle contraction [10]. As shown in Fig. 1(a), previous studies
have pointed out that muscles in various parts of the fish would
actuate rhythmically in sequence [65]. Down the length of fish,
the posterior muscle and the caudal peduncle mainly perform
stiffness regulation to transmit the mechanical power from the
anterior muscle to drive the tail. Inspired by this, a bionic
peduncle-tail mechanism is adopted to imitate the rhythmic
actuation characteristics of fish swimming, as shown in Fig. 1(b).
We set a novel rhythm controller to regulate the power output
of a dc motor with respect to the flapping angle of peduncle
actuation. The anterior torque is transmitted through a scotch
yoke mechanism and a rigid peduncle to deform a flexible tail
under hydrodynamic force.

As shown in Fig. 1(c), the muscle activation is related to the
muscle strain patterns underlying the bending of the fish body.
The strategies to perform tail-flapping through muscles vary
among fish species [36]. Functional differences in muscular mo-
tion occur in the longitudinal direction. The duration of muscle
activation decreases towards the tail while electromyography
onset occurs earlier in more posterior area. The phase between
the strain and activation cycle determines the power generated
by the muscle. For species that generate propulsion at the tail,
the muscle power must be transferred to the tail for propulsion
generation, so that the posterior muscle may stiffen to aid power
transmission. During this process, it has been proven that the
stiffening of muscle can produce the maximal power output for
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Fig. 1. Fish activate muscles in sequence to generate propulsion. (a) Anterior muscles contract for power generation while the posterior muscle and caudal
peduncle primarily regulate stiffness to transfer the mechanical power to the tail. (b) Scheme of the bionic fish with peduncle-tail mechanism, with a rhythmic
actuation of dc motor and scotch yoke transmission. (c) Activation rhythm of the anterior muscle is restricted to specific fish species, while the DDRFishBot can
switch the drive pattern in a wider range. The position of fish anterior muscle is expressed as a proportion of the body length (BL).

propulsion generation. However, the relationship between the
anterior muscle activation and swimming pattern is not entirely
clear due to the limitations of biological in vivo experiments.

Benefiting from the engineering approach, the robotic pro-
peller can easily adjust the actuation pattern of the tail-flapping
in a wide range. Based on the discretized allocation of modulated
motor actuation, the rhythmic variation for imitating desired
muscle activation patterns is given by

Rpower = Ractivation −Rslack

= Sa − Ss[u(sign(θ̇)θ − θs)− u(sign(θ̇)θ − θs − θd)] (1)

where Ractivation and Rslack represent the activation, and slack
components of the muscle activation patterns, respectively, Sa

is the activation level, Ss is the slackness level, θ is the flapping
angle, θ̇ is the derivative of θ, θs, and θd are the start timing
and the duration of the slack within a cycle, respectively, u
denotes the step function. Therefore, the rhythm controller of
DDRFishBot can be switched to regulate the actuation of the
proposed peduncle-tail mechanism to explore how the anterior
power can be effectively converted into propulsion through
flapping the flexible tail.

B. Modeling of Peduncle-Tail Mechanism

In this section, the peduncle-tail mechanism and the rhythmic
characteristics of the peduncle actuation are modeled for propul-
sion estimation. First, the deformation of the flexible tail under
the hydrodynamic force can be treated as a forced beam deflec-
tion problem. However, the nonlinearity of a large deformation
beam makes it difficult to solve. Therefore, the PRBM method
was adopted to calculate the deformation of the caudal fin under
a given peduncle actuation. Fig. 2(a) illustrates the peduncle-tail
mechanism with a coordinate system XOY set at the center of
tail-flapping motion. A model based on 3R PRBM is developed,

Fig. 2. (a) Four-link PRBM of the peduncle-tail mechanism. (b) Conventional
peduncle actuation with sinusoidal pattern. (c) The simulation result present two
types of coupling effect in propulsion generation.

where the bolded link represents the mechanical motion of
the rigid peduncle while the rest four links are used to fit the
deformation of the flexible tail for the overall bending curve.
The links satisfy the length ratio γ0 = γ1 = γ2 = γ3 = 0.25
and are jointed by pin joints and torsional springs with torsional
spring constant k1 = k2 = k3 = Kθ [66], [67]. The flexible tail
is connected to the body by the rigid peduncle and bends into a
C or S-shaped under the driving moment M and hydrodynamic
force Fhydro. As shown in Fig. 2(b), the peduncle oscillates back
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and forth around point O, and its rhythmic pattern is first assumed
to be sinusoid as

θ0(t) = B sin(2πft+ δ) (2)

where B is the amplitude, f is the frequency, δ is the phase lag,
which represents the initiative position of the peduncle.

As the first pseudolink can be approximated as pivoting at
point O, the velocity perpendicular to the first pseudolink at an
arbitrary position is obtained by

vy0 = θ̇0(t)(lp + x), x ∈ [0, γ0L] (3)

where θ̇0 is the angle velocity of the peduncle, lp is the length
of the peduncle, L is the total length of the flexible tail, x
represents the position along the length of one pseudolink.
The velocity perpendicular to the subsequent pseudolink at an
arbitrary position on it can be approximately derived as follows:

vyi = vyJi−1 cos θi − xθ̇i, x ∈ [0, γiL], i = 1, 2, 3 (4)

where vyJi−1 is the joint velocity, which is obtained by setting
x = γi−1L in vyi−1, θi is the deflection angle of the pseudolink,
θ̇i is the deflection angle speed. The hydrodynamic force per-
pendicular to the tail due to the encompassing fluid is given by

Fhydro = −1

2
ρwvy(x, t)|vy(x, t)|hCd (5)

where ρw is the density of water, h is the width of the tail, Cd

is the coefficient, which describes the water damping effect on
the tail.

The underwater forced vibration of the flexible tail is then
obtained by the following equation, including hydrodynamic
force, internal spring force, and inertial force of each segment

mÿ = Fhydro + Fspring (6)

where m is the mass of pseudolink, ÿ represents the vertical
acceleration component of the mass center of pseudolink.

Since the links of the PRBM are connected by a torsion spring,
the equivalent force is given by

Fspring =
EIKθθi
(γiL)2

, i = 1, 2, 3 (7)

whereE is the Yang’s modulus of the beam, I is the area moment
of inertia of the beam,Kθ is the nondimensional torsional spring
constant.

By substituting (5) and (7) into (6), the ordinary differential
equation of a single segment is derived as

f(θ, vy, γ) =

(
−EIKθθi

γiL2
− 1

2
ρvy|vy|hCd

)
/m. (8)

Combining four rigid segments into the overall equation group,
we can compute the deformation of the flexible tail and external
load due to the hydrodynamic force. The values of the parameters
in this model are shown in Tables I and II. Specifically, Cd and
Kθ are derived through a least squares fit of the model predicted
tail tip displacement to experimental data of constant strategy
and the other values are determined by prototype design.

TABLE I
PARAMETERS OF PRBM

TABLE II
SPECIFICATION OF THE PLATFORM

Based on the Lighthill model, the mean propulsion can be
given by the following equation:

P =

[
mvw

(
∂Y

∂t
− 1

2
w
∂X ′

∂a

)]
a=0

(9)

where mv is the virtual mass per unit length, w is the velocity
in the direction perpendicular to the tail, Y is the displacement
in the perpendicular direction, X ′ is the displacement in the
swimming direction, and a is the distance along the tail tip from
the tip. Fig. 2(c) presents the envelope of one tail-flapping and
the propulsion prediction under sinusoidal peduncle actuation.
The propulsion exhibits a corresponding surge with frequency
increasing, peaking at 3.8 Hz and then commencing a gradual de-
cline. Despite maintaining equivalent propulsion, the ascending
phase exhibits a more direct transformation of the peduncle os-
cillation into a linear motion at the tail tip, in contrast to a looped
tip trajectory during the descending phase. In other words, the as-
cending phase demonstrates a superior coupling effect between
the peduncle actuation and tail deformation than the descending
phase, resulting in a more effective tail-flapping pattern.The
EBT proposed the conditions for elongated fish to perform high
propulsive efficiency, where the oscillation amplitude should
increase from the head of the fish to the maximum at the tip
of the caudal fin, as shown in Fig. 3(a). Equation (9) indicates
that the magnitude of the propulsion depends on the velocity
of the tail tip, therefore increasing the amplitude and frequency
of the tail-flapping are both crucial for propulsion generation.
However, the hydrodynamic force Fhydro would increase to bend
the tail into a larger curvature with frequency increase. As
depicted in Fig. 3(c), the excessive bending would counteract the
peduncle actuation, which would hinder the motion transmission

Authorized licensed use limited to: Shenzhen Technology University. Downloaded on June 29,2025 at 09:16:50 UTC from IEEE Xplore.  Restrictions apply. 

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO paper.



3990 IEEE TRANSACTIONS ON ROBOTICS, VOL. 41, 2025

Fig. 3. (a) Propulsion is positively correlated with the linear velocity of tail tip,
determined by both frequency and amplitude. The simulation result present the
envelope of coupling tail-flapping, (b) flared shape and (c) spindle-like, which
indicate the amplification relationship between peduncle actuation and tail tip
movement.

from the anterior motion input into the posterior movement of the
tail tip, resulting in a spindle-like tail-flapping pattern with lower
amplitude. In contrast, Fig. 3(b) demonstrates the tail-flapping
pattern at a high coupling, exhibiting a flared shape pattern, the
rebound of the tail is being utilized to flip the water, with an
amplitude even wider than the input of peduncle actuation.

To quantify this performance-enhancing effect, we employed
a coupling factor kc that describes the relative motion between
the peduncle and the tail. The coupling factor between tail
deformation and peduncle motion is calculated as the product
of three factors: the projection of the tail’s bending deformation
onto the extended axis of the peduncle, the flapping distance
of the peduncle motion at the tail tip, and the direction of the
peduncle motion as follows:

kc = θ̇0(lp + L)cos(θ123)sign(θ123)
3∑

k=1

(γkL) (10)

where sign(θ123) is defined to indicate the sign of θ123 and
sign(0) = 1, θ123 =

∑3
k=1 θk is the sum of deflection angle.

As shown in Fig. 4(a), the effective rebound behavior and the
conflict during counter-phase motion of the peduncle and tail
are shaded, respectively, in blue and red. In the tail-flapping
motion, the total amount of the coupling factor kc characterizes
the strength of the coupling effect, while the extremum ratio
reflects the variation within this coupling effect. As Fig. 4(b)
presents, both the total amount and extremum ratio are conducive
to enhancing the propulsion force generated by tail-flapping.
Higher total amount indicates a more robust interaction between
the peduncle and tail, thereby enhancing the interaction with the
surrounding fluid. Meanwhile, higher extremum ratio is asso-
ciated with pronounced variation in the coupling effect, which
is conductive to the tail rebound behavior for increase in the
amplitude of tail-flapping. Moreover, Fig. 4(c) demonstrates that
the delayed rebound timing and larger maximal angle suppress
the transformation to lateral displacement. Overall, the PRBM

Fig. 4. (a) Tail rebound behavior. (b) Total and extremum ratio of tail-flapping
coupling factor. (c) Deformation comparison under tail-flapping of flared shape
and spindle-like envelope.

model reveals a coupling effect between the rhythmic actuation
of the peduncle and the flexible vibration of the tail, which can
be synergistic to enhance the tail tip velocity.

C. Rhythmic Actuation Coordination With Tail Vibration for
Propulsion Enhancement

To explore the coupling effect between peduncle actuation
and tail deformation, the influence of the peduncle actuation
pattern on propulsion performance is compared. To imitate the
muscle activation of fish, a dc motor directly drives the rigid
transmission mechanism to build a reactive robotic system [34].
According to the biological studies about fish muscle activation
patterns, two types of actuation patterns are set for comparison
with the sinusoidal pattern, slacken at the terminal (TS), and
slacken at the middle (MS), which are fitted by the Fourier
series to avoid the possible singularity, as shown in Fig. 5(a)
and (b) [68], [69], [70].

In this study, the torque and elastic energy associated with tail-
flapping under conditions of high-coupling and low-coupling are
examined. Specifically, the variations in T-EPE and the hydrody-
namic torque exerted on the tail are analyzed as a function of the
tail-flapping cycle. The magnitude of the change in T-EPE from
its maximum value to the end of the cycle serves as an indicator
of the tail rebound effect. Notably, the TS strategy exhibits the
most significant rebound effect during both tail-flapping phases,
which are demarcated by the neutral position of the peduncle
motion.

The propulsion prediction under modulated patterns is shown
in Fig. 5(c) and exhibits a corresponding modulation on the
propulsion generation. Compared to the conventional sinusoid

Authorized licensed use limited to: Shenzhen Technology University. Downloaded on June 29,2025 at 09:16:50 UTC from IEEE Xplore.  Restrictions apply. 

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO paper.



WU et al.: RHYTHM-BASED POWER ALLOCATION STRATEGY OF BIONIC TAIL-FLAPPING FOR PROPULSION ENHANCEMENT 3991

Fig. 5. Utilizing the modified rhythmic actuation patterns of (a) Terminal Slacken and (b) Middle Slacken, the simulations demonstrate a corresponding regulation
effect in the (c) predicted propulsion and (c) amplitude.

Fig. 6. Tail, actuated by the peduncle, accumulates T-EPE in its anterior segment and subsequently releases it in the posterior period into tail tip movement.
The simulation demonstrates the variations in T-EPE and hydrodynamic torque under the frequency (a)–(c) 2.5 Hz and (d)–(f) 4.5 Hz with TS, constant, and MS
strategy.

rhythm, the modulated actuation pattern expands the perfor-
mance space of the peduncle-tail mechanism. In Fig. 5(d), the
observed difference in amplitude is consistent with the increase
in the lateral motion of Y at frequency f , corresponding to (9).
This concordance verifies that the enhancement and reduction of

propulsive force are indeed attributed to variations in amplitude.
As depicted in Fig. 6, the deformation of tail-flapping is bifur-
cated into two half-cycles centered on the midline. Based on the
modulation of the propulsive gait, the propulsion generated by
tail-flapping can be modulated by the rhythmic pattern of the
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peduncle actuation. Theoretically, without a complex mechan-
ical structure, a simple scotch yoke mechanism can perform
similar propulsion modulation ability to multijoint or stiffness-
tuning mechanism.

Furthermore, to investigate the effects of high and low-
coupling conditions on the propulsive force, we selected the
tail-flapping at 2.5 Hz and 4.5 Hz as representations for analysis.
Fig. 6 presents the variations in T-EPE and hydrodynamic torque
acting on the tail during the tail-flapping cycle. Furthermore, the
process of tail-flapping was visualized, with the neutral plane
as the demarcation point. Notably, the TS strategy facilitated
a more comprehensive release of T-EPE in the latter half of
the tail-flapping before the direction change, enabling a more
pronounced rebound effect and amplitude increase. As depicted
in Fig. 6(a) and (d), the amount of T-EPE released between the
peak and direction change was 0.58 J at 2.5 Hz and 1.2 J at 4.5 Hz,
respectively. It was 290% and 706% higher than that observed
in the constant strategy. As for MS strategy, the difference was
enlarged further to 1160% and 3000%.

The tail-flapping pattern is a combination of the peduncle
actuation and tail deformation. The bending curve is determined
by the force balance between the peduncle, tail, and water,
where the transition of elastic potential energy serves to store
and re-release the mechanical power. As shown in Fig. 6(a),
during the flapping cycle, the T-EPE is transitioned with respect
to the relative motion between the tail and the water. It first
bends and stores T-EPE in response to peduncle actuation and
hydrodynamic force during acceleration. Then, it decelerates
and tends to return to the neutral state at the end of one beat,
converting the T-EPE into a force onto the water. The TS mode
has the maximum release of elastic potential energy at the
limiting positions on both sides and the rebounding of the tail can
additionally beat the water. For the MS and sinusoidal modes, the
tail fails to complete the rebounding, whose local deformation
is opposite to the direction of the peduncle actuation after the
reversal of direction, further weakening the relative motion with
the water. The utilization of the inherent flexibility through
rhythmic actuation can help the power transmission from the
anterior motor to the posterior tail, increasing the velocity of the
tail tip with respect to the peduncle actuation input.

Moreover, the comparison of coupling effect between these
three typical strategies (TS, constant, and MS) at high coupling
(2.5 Hz) and low coupling (4.5 Hz) states is shown in Fig. 7.
Compared with Fig. 4, TS strategy shows the leading coupling
effect in total amount, extremum ratios, and corresponding
propulsion performance enhancement in both states. Overall,
our model introduces the rhythmic variation of the peduncle ac-
tuation into the propulsion model, which can be used to enhance
the propulsion performance. The rhythmic pattern can modulate
the tail vibration to synergize with the peduncle actuation for the
utilization of inherent flexibility.

III. DESIGN AND EXPERIMENT OF RHYTHM-BASED

ACTUATION

To verify the model prediction, the DDRFishBot is designed
for experimental validation. Then, a rhythm-based actuation

Fig. 7. Total and extremum ratio of coupling factors for TS, constant, and MS
strategies (a)–(c) at 2.5 Hz and 4.5 Hz.

method and motion transmission mechanism based on scotch
yoke are developed. Finally, a multimodal sensing framework
and experimental platform are set up to collect the internal states
of motor and external locomotor gaits.

A. Design of the DDRFishBot

As shown in Fig. 8(a), a dc motor (MAXON RE40) was em-
ployed at the anterior body. The lateral reciprocating mechanism
rotates around the fixed lever axis forming a lever to amplify the
tail movement. The middle end of the actuator rod is slotted
so that it is movable during the flapping to avoid self-locking.
The rotation was converted into lateral reciprocating motion
by the scotch yoke mechanism. Then, it drove both the rigid
linkage and the attached flexible caudal fin to swing in the water
through the lever structure. The schematic illustration is shown
in Fig. 8(b). The appearance of the DDRFishBot is presented in
Fig. 8(c), wherein the electrical supply and control mechanisms
are achieved via a tether, enabling unhindered connectivity. No-
tably, a rigid frame is incorporated to ensure sufficient payload
capacity, facilitating the attachment of the DDRFishBot to a
stationary platform. This allows for the effective transmission of
propulsion to force sensors, thereby enabling convenient obser-
vation of tail deformation and propulsion generation. Besides,
a rectangular flexible foil is adopted to simplify the complex
three-dimensional geometry of the fish, focusing on the effects of
different rhythmic actuation patterns on the tail-flapping pattern
and propulsion generation [71].
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Fig. 8. (a) Motor rotation is converted into lateral oscillation and amplified
by the lever between the slider and fixed axis. (b) Schematic illustration of the
motion transmission mechanism. (c) Prototype of DDRFishBot. (d) Implemen-
tation of the power output between the voltage input and the rotation angle of the
scotch yoke mechanism. (e) Voltage pattern of decline strategy and TD strategy.

B. Rhythm-Based Voltage Regulation for PAS

To perform the modified rhythmic actuation, a PAS was
conducted to map the power regulation of the motor to the
tail-flapping, as shown in Fig. 8(d). Given that the motion trans-
formation of the scotch yoke mechanism is inherently reliant on
the rotation angle, a positional mapping is derived between the
electric motor and the peduncle motion.

The relationship of kinematic and dynamics between the
rotation and the horizontal projection of the steering wheel are
shown in Fig. 8(d) and follow the equation

d = R sin(α) (11)

Fx = Tmotor/R cos(α) (12)

where d is the horizontal projection position of the steering
wheel, Fx is the horizontal force, R is the radius of the steering
wheel, Tmotor is the torque onto the steering wheel, and α is the
angle of the rotation. Then, the power projection of the motor in
the horizontal direction is given by

Poutput(θ0) = Fxḋ = Tmotor cos
2(α). (13)

Based on that, we designed a series of strategies that can adjust
the voltage input at four positions: initial, middle, terminal, and
bipolar. The specific parameters for the driving strategy are
shown in Table III. Here, E (Elevation) and D (Decline) rep-
resent the change in motor voltage to generate acceleration and
deceleration of the scotch yoke slider, respectively. Meanwhile,

TABLE III
VOLTAGE PATTERN OF PAS

TABLE IV
VOLTAGE PATTERN OF TD STRATEGY

I (Initial), M (Middle), T (Terminal), and B (Bipolar) represent
the position of PAS. The tail-flapping undergoes eight intervals
between two limit points. Each force interval is assigned a
numerical value to control the motor voltage as a proportion of
the peak voltage, generating various PAS. Furthermore, given
the superior performance enhancement exhibited by the model
predictions in reducing terminal velocity, an additional control
group is introduced for the TD strategy, focusing on the motor
voltage pattern. The details of this control group are presented
in Table IV and illustrated in Fig. 8(e).

C. Multimodal Data Acquisition

As shown in Fig. 9, a multimodal data acquisition framework
was designed to evaluate the performance of the DDRFishBot.
Internal state, along with external locomotor behavior, is col-
lected and analyzed through the host computer. The microcontrol
unit (STM32f103C8T6) connects the host computer and the
underlying driver. It receives the voltage pattern from the host
computer, executes the PAS in real time, and the encoder (OID-
C3815S24S) returns the current and encoder signals. Besides,
since the qualitative relationship of the tail-flapping parameters
given in (9), the propulsion is affected by both lateral deforma-
tion and tail beat frequency.

D. Visual Processing

Video processing was applied to capture the trajectory of the
tail-flapping for gait analysis. As shown in Fig. 10, the video
was then intercepted with 10 images at the beginning of the ex-
periment for feature capture. The flexible tail was first manually
labeled for training a decision tree model that was adopted to
avoid environmental interference. With the RGBHSV data of the
corresponding points, the trained decision tree can distinguish
the pixel points of the flexible tail during the rapid flapping
motion. Finally, the recognized pixel points are fitted through
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Fig. 9. Schematic diagram of the experimental validation on DDRFishBot. The host computer sends the voltage pattern to the microcontroller. The internal state
of dc motor and deformation of tail-flapping is recorded by the upper level computer.

Fig. 10. Trajectory recognition of the tail-flapping pattern with fluorescent staining.

Fig. 11. Prototype was set in hydrostatic start-up conditions with multimodal
information collection. (a) Water tank equipped with sound-absorbing cotton, 6-
axis force sensor and a camera module fixed at the top. (b) Prototype is controlled
by a tethered power supply system and host computer. The regulator amplifies
and stabilizes the output of two LiPo battery at 46.4 V to prevent the voltage
reduction as the battery charge drops.

quadratic polynomial fitting for further quantitative analysis of
the tail-flapping pattern.

E. Experimental Platform

To investigate the effects of PAS, we have developed an
experimental platform and mounted the DDRFishBot onto it
for the purpose of evaluating its propulsion performance. The
DDRFishBot was connected to a 6-axis force sensor (APDW-
6D-110, Aanhui Epic Electronic Technology Company, Ltd.) by
a steel rod to be fixed on a stand and submerged in a tank of water
with dimensions listed in Table II, with sound-deadening cotton
around the tank to counteract waves, as shown in Fig. 11(a). The

force sensor was sampled at 500 Hz frequency and measured
forces were converted to the static propulsion of the robotic fish.

Based on that, the static propulsion of the flexible tail can
be used to estimate the swimming speed, by setting the static
propulsion P is roughly equal to drag force FD [6], [72]. The
speed can be expressed as

V =

√
2P

ρwSCD
(14)

where V is the forward speed, S is the wetted surface area of the
foil, and CD is the drag coefficient. Given the estimated speed
and propulsion, the output power Pout of the flexible tail can be
expressed as

Pout = PV =

√
2P

3

ρwSCD
. (15)

For the same tail, the values of S and CD remain constant.
By setting the S and CD as 1, an efficiency coefficient for the
qualitative assessment is expressed as

η =

√
P

3

UIc
(16)

where U is the voltage and Ic is the current of motor. A higher
value of η indicates greater efficiency in transferring energy from
electrical input to propulsion output.

Besides, a high-speed camera was mounted at the top of the
shelf, and videos were captured at 240 Hz through a transparent
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Fig. 12. (a) Diagram. (b) Prototype of the PC foil.

acrylic panel used to suppress the water splashes. The top of the
flexible caudal fin was stained with fluorescent paint and lighted
using a UV lamp, with a black cloth to mask external light
for clear identification. As shown in Fig. 9, the DDRFishBot
is powered and controlled by an external electronic system.
Fig. 11(b) presents electrical system including safety switches,
voltage regulator module, LiPo battery, CAN bus, and dc, whose
detailed information is listed in Table II. The flexible tail adopted
in this article is composed of a rigid 3D-printed nylon clamp and
a PC foil, as shown in Fig. 12(a) and (b).

IV. ANALYSIS OF POWER ALLOCATED TAIL-FLAPPING

A. Validation of Rhythm-Based Actuation Method

In the experiments of this article, the voltage input is settled
at 5.8 to 46.4 V with a 5.8 V interval, to test the propulsion per-
formance of the DDRFishBot. First, the conventional constant
voltage control is used as the comparison group, labeled by the
grey shade. Fig. 13(a) presents the propulsion characteristics
that increase with frequency, enter a plateau at 2 Hz, and then
resume the growth trend at 5 Hz. These characteristics can be
divided into three stages.

During stage I, the propulsion grows linearly with the fre-
quency, with an efficiency peak at 2 Hz as shown in Fig. 13(b).
In stage II, the propulsion growth is influenced by the rapid
decrease in amplitude, as shown in Fig. 13(c). When the decline
in magnitude levels off, the propulsion generation enters stage III
and the effect of changes in tip displacement on the linear
velocity of the tail tip is reduced when the effect of frequency
dominates in the propulsion generation.

As depicted in Fig. 13(d)–(f), the implementation of rhyth-
mic actuation significantly broadens the performance envelope
attainable by the flexible tail. In alignment with the model
predictions, the TD strategy exhibits the most significant and
optimal effect among these approaches. The PAS regulated the
characteristics of the propulsion generation by modifying the
tail-flapping amplitude. Further examination of TD strategy is
presented in Fig. 13(g)–(i), obtaining an optimal propulsion
enhancement with Δ Amplitude = 30.0 mm and ΔEfficiency
Coefficient= 1.26. Although the voltage regulation of PAS
causes a frequency reduction, the DDRFishBot still achieves
maximum propulsion enhancement of 45.6% from the peak
of the constant strategy, as shown in Fig. 13(g). Although
the reduction in total power lowered the frequency, the 14.2%
amplitude increment compensated for the reduction in frequency
as shown in Fig. 13(i). The tail-flapping deformation illustrated
in Fig. 14, along with the simulation of the tail tip trajectory,

demonstrates the regulation effect of the PAS on tail-flapping.
Specifically, the lateral movement of the tail gradually increases
from the peduncle to the tip, aligning with the ideal tail-flapping
conditions based on the EBT.

To quantify the performance enhancement on DDRFishBot,
the proposed PAS is compared with state-of-the-art propulsion
methods, such as stiffness adjustment, hydraulic stiffness se-
quencing, and shape-morphing deformation control, in terms
of both the NTIR and number of controllable hardware [26],
[72], [73], [74]. As shown in Table V, the DDRFishBot with
direct-drive mechanism and PAS achieves an NTIR of 60.89
(N/Hz/kw). This indicates a 91.9% enhancement over the closest
comparison, while simultaneously maintaining the least number
of controllable components.

B. Analysis of Tail-Flapping Kinematics

To further explore the effect of the PAS configuration on
propulsion performance, a kinematics analysis was conducted
on the tail-flapping pattern. Fig. 15(a)–(c) demonstrates the
hydrodynamic torque, T-EPE, and deformation pattern of tail-
flapping under three strategies. As the frequency increases, the
tail vibration shifts from the first-order to the second-order mode,
accompanied by a decrease in the tail-tip amplitude, resulting
in a narrowing envelope. The deformation of the flexible tail is
influenced by the driving moment and hydrodynamic force.

The relative movement of the peduncle to the tail is the key
to uncovering the rhythm coupling effect. The peduncle motion
first precedes the tail motion, which causes the tail to bend and
accumulate T-EPE. This process continues until the bending
of the tail reverses over the peduncle and transfers energy to
the environment. Eventually, the accumulation and release of
T-EPE will begin again during the next tail-flapping cycle. The
adequacy of the time window is crucial for the tail to rebound.
Specifically, it is directly correlated with the increment of ampli-
tude at the end of the tail-flapping. Therefore, the TD75-15 strat-
egy obtains the best improvement among our previously tested
group. The TD75-15 strategy attains a maximum�Ep of 0.394J
within one tail-lapping, which exceeds 200% in comparison with
the constant and MD strategies. A slowed downward trend of the
torque also presents an increase in water interaction by the T-EPE
release. It also reaches the middle of the flapping angle at an
earlier time, 0.159 T, resulting in a 14.8% lateral displacement
improvement, as shown in Fig. 15(d)–(f). Differential driving
velocities at the peduncle optimize the storing and releasing
of T-EPE. The reduction at the terminal of each beat can slow
down the peduncle motion, enhancing the transformation from
the T-EPE into hydrodynamic forces. However, an inappropriate
actuation pattern weaken the utilization of tail compliance, with
a lower storage level and an insufficient release window, such
as TD75-15 and MD strategy.

C. Statistical Evaluation of Rhythm Coupling

To identify the parameters affecting propulsion generation, a
statistical evaluation was performed to quantify the tail-flapping
motion under environmental interaction. Fig. 16 shows the
flapping speed of the tail under TD75-15, constant, and MD
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Fig. 13. Experimental results of PAS on propulsion, efficiency coefficient, and amplitude. (a)–(c) Results of the strategies that applied at the initial (IE and ID)
and middle (ME and MD) positions of one beat. The propulsion shows a stepwise growing with respect to frequency, while the efficiency coefficient consistently
peaking around 2 Hz and the amplitude decrease stepwise with respect to frequency. (d)–(f) Results of strategies applied at the terminal (TE and TD) and bipolar
(BE nad BD) of one beat, which broaden the performance envelope of the flexible tail. (g)–(i) Results of the TD strategy employing different decline patterns,
demonstrating the maximum enhancement.

TABLE V
METHOD COMPARISON OF ROBOTIC FISH

strategies, which denotes the relative motion between the tail
and water. The gray area is the constant strategy that served
as the control group. It can be observed that the total swept
area in a cycle increases with frequency, and its fluctuation will
gradually flatten out. We calculated the mean and variance of
the flapping speed for each cycle to characterize the differences
in strength and fluctuation, respectively, as shown in Fig. 17.
Based on the analysis of tail-flapping kinematics, the storage and
subsequent release of T-EPE during the propulsion generation is

verified to achieve performance enhancement. Also, the elastic
vibrations of the tail need to be appropriately distributed during
oscillations to avoid motion conflict between the peduncle and
the tail, which is consistent with the trend shown in the current
calculations. Compared to the control group, the TD75-15 has
the biggest mean value and variance at each frequency. Due to
the redistribution of velocities in the anterior and posterior halves
of a single beat, the peak is elevated to an earlier phase of the
cycle. The difference between maximum and minimum values
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Fig. 14. Deformation pattern of tail-flapping under (a) TD75-15, (b) constant,
and (c) MD, respectively, with the comparison of the tip displacement between
the experimental and simulation results.

leads to an increase in the variance, indicating an enhanced role
of elastic vibration.

Mechanical impedance is used to characterize the impacts
of each component in the motion transmission of tail-flapping.
The vibration of a flexible tail can be equivalent to a series of
mass-spring-damp systems, which is given by

mÿ + cẏ + ky = F (t) (17)

where c is the damping coefficient, k is the spring coefficient,
andF (t) is the external force input. This equation can be used to
obtain the velocity output ẏ with the flapping force inputF (t) for
each section of the tail. Referring to the impedance analysis of a
footed robot with compliant component [75], the actuation force
is regarded as the input, and the linear velocity of the tail tip is
considered as the output. This represents the relationship among
the input, the transfer (the compliant element), and the output
(the tail tip movment). Then the transfer function representing
the impedance of the tail-flapping can be given by

H(s) =
1

ms2 + cs+ k
(18)

which characterizes the fundamental vibration characteristics
of the peduncle-tail mechanism, including its resonant points.
With environmental interaction, the system damping remains
constant while the tail vibration is correlated with its inherent
compliance. It should be noticed that the generation of different
tail-flapping patterns is also related to the peduncle rhythm as
the system input. Through this passive compliant transmission
component, the rhythmic actuation can easily adjust the manner
in which the mechanical power is transmitted to the surrounding
water, like playing a musical instrument. In the experiments, the
most effective strategy for propulsion generation was to decel-
erate the tail at the end of each beat. The impedance modeling
of tail-flapping can help to reveal the intrinsic mechanism of
fish swimming. PAS can alter the rhythmic characteristics of
peduncle actuation to reinforce the elastic energy transition.
The role of the elastic component of the tail vibration may
imply that nonsimple harmonic actuation can achieve an extra
excitation effect over the simple harmonic system resonance that
reduces the motion conflict between the elastic vibration and the
peduncle actuation.

D. Simulated Fluid and Tail Interaction

To enhance the understanding of tail-fluid interactions ob-
served in the experiments, we conducted numerical simula-
tions of tail models using simplified 2-D computational fluid
dynamics (CFD) models with equivalent dimensions to the
physical counterparts. The simulations were performed using
the open-source software OpenFOAM [76]. The positioning
of the tail models and the computational domain is illustrated
in Fig. 18(a). The computational domain measured 4 m ×
4 m, with far-field boundary conditions applied to replicate an
open-water environment. Three grid sizes—0.65 mm, 0.62 mm,
and 0.66 mm—corresponding to the constant, MD, and TD
configurations, respectively, were employed to generate a grid
resolution of 1.07 million cells. Polygonal grids were used to
discretize the computational domain.

The tail vortices generated in the wake flows of different tail
configurations are shown in Fig. 19, captured over one flapping
period on the xy plane. Fish tails transfer more axial momentum
to the fluid by generating stronger vortices during propulsive
motion [77]. Among the three configurations, the TD75-15
strategy exhibited the strongest vortices in the wake, indicating
its superior propulsion generation capability. Furthermore, both
the TD75-15 and constant configurations displayed larger tail tip
deformation amplitudes, as shown in Fig. 14. This PAS-induced
curvature created stronger low-pressure regions, enabling the
DDRFishBot to entrain more fluid around the tail and generate
stronger shed vortices.

At the moment the tail reverses its direction (t = 0.5 T), the
entrained fluid rolls off the tail and is released into the wake.
As the tail propels, this fluid is shed into the wake, accelerating
the flow. Fig. 20 illustrates the flow velocity magnitude within
the tail wake. Compared to the constant and MD configurations,
the TD75-15 configuration generates higher vorticity and wake
velocity, aligning with the experimental findings.
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Fig. 15. Experimental results of hydrodynamic torque, T-EPE, and tail tips lateral displacement under: (a) and (d) TD75-15, (b) and (e) constant, and (c) and (f)
MD strategies. The elevated release of elastic potential energy (�Ep) signifies increased accumulation and subsequent release of energy, which corresponding to
the cooperation between penducle and flexible tail. The prolonged duration (� t) during the latter half phase of beating enhances the rebound, thereby augmenting
the oscillation amplitude.

Fig. 16. Statistical evaluation of tail-flapping under (a) TD75-15, (b) constant, and (c) MD. The flapping speed is defined as the area covered by the tail per
second.

Fig. 17. (a) Percentage change of mean speed and (b) variance of tail-flapping.
The variance is defined as the amplitude of flapping speed. Higher values of Var
and mean value indicate greater environmental interaction and tail vibration in
propulsion, and vice versa.

E. Divergence of Propulsion Performance Exploitation

Since the vibration property is influenced by the tail struc-
ture, a further comparison of tail stiffness (Kθ) on the effect
of propulsion enhancement is conducted. Fig. 21 presents the

Fig. 18. (a) Computational domain for flapping tail study (not to scale).
(b) Corresponding computational grids around the tail.

tail-flapping pattern with 2 mm and 3 mm PC foil, where the
transition of the 2 mm PC foil is more rapid than that of the 3 mm
PC foil. Based on the model prediction, this transition caused by
the stiffness adjustment can be harnessed to scale the propulsive
characteristics, as shown in Fig. 22(a). Connecting the first peak
and trough, an envelope about the gait characteristics can be
obtained. This envelope denotes the boundary of propulsion
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Fig. 19. Tail vortex in the wake flow of tail-flapping under TD75-15, constant, and MD strategies. Contours of streamwise vorticity are presented in the color
according to the value of vorticity (1/s). CWV and CCWV indicate clock-wise and counter clock-wise vortex. T denotes one period of flapping motion.

Fig. 20. Flow velocity in the wake flow of tail-flapping under TD75-15, constant, and MD strategies. Contours of flow velocity are presented in the color according
to the velocity magnitude (m/s). T denotes one period of flapping motion.

Fig. 21. Transition period of the tail-flapping coupling. The flared shape at lower frequencies indicates high coupling, while the spindle-like shape at higher
frequencies indicates low coupling. The transition of 2 mm PC foil (low stiffness) occurs at a lower frequency and proceeds more rapidly than 3 mm PC foil (high
stiffness).
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Fig. 22. Exploitation of propulsion performance divergence. (a) Prediction
of propulsive characteristics under tail stiffness (Kθ) change. (b) Experimental
result of propulsion performance with 2 mm and 3 mm PC foil. The PAS are
validated on the (c) 2 mm and (d) 3 mm PC foil. The slope of propulsion
generation for TD strategy (kTD) exceeds that of constant strategy (k0) across
both foil.

generation through tail-flapping. As the stiffness changes, the
propeller can be scaled to the desired gait within the boundary
of two tail-flapping patterns.

This principle is validated through comparative testing as
shown in Fig. 22(b), where the tail configuration from Fig. 12 is
substituted by a 2 mm PC foil. The propulsion increases rapidly
with frequency until 1.3 Hz and then enters a shorter plateau
before secondary rapid rising near 3.5 Hz. The results show a
similar trend as the model predicted. There is a decrease in the
onset frequency of transitions and a shorter plateau period. This
is in agreement with the collaborative relationship between the
elastic and damping components indicated by (18). Limited by
the internal elastic restoration force, the T-EPE for the 2 mm
tail to utilize is less than the 3 mm tail. While the propulsion
enhancement from the rhythmic coupling effect primarily relies
on the amplitude increment and elastic energy circulation. After
3.5 Hz, the 2 mm PC foil has already passed the lower boundary
of low-coupling when the propulsion generation is mainly con-
tributed by the frequency increment. As for the prototype tested
in this article, the tradeoff between the amplitude and frequency
of the 2 mm tail alleviates the propulsion enhancement so that it
is not sufficient to fill the gap compared to the maximal power
state. However, the PAS still presents a propulsion enhancement
with an optimal 45% increment in the slope of propulsion
generation by TD75-25 strategy, compared to the 27.7% in 2 mm
PC foil, as shown in Fig. 22(c) and (d).

F. PSO-Based Formulation of PAS

Previously, we have parametrically explored the PAS on a
direct-drive system in model predictions and prototype experi-
ments, demonstrating the effect of reallocated power intensity

Fig. 23. Scheme of strategy optimization for power allocation based on PSO
algorithm.

and position on the tail rebound behavior as well as the enhance-
ment of propulsive performance. To demonstrate the effective-
ness of this bioinspired approach and expand its applicability,
we employed a particle swarm optimization (PSO) algorithm
to find the targeted rhythmic patterns that maximize and mini-
mize propulsion force as shown in Fig. 23. The PSO algorithm
performs iterative optimization in a multidimensional space.
Particles update their positions pi and velocities vi according
to the following equations:⎧⎪⎨
⎪⎩
vi(n+ 1) = c0 × vi(n) + c1 × rand × (pbi(n)− pi(n))

+ c2 × rand × (gb(n)− pi(n))

pi(n+ 1) = pi(n) + vi(n+ 1)

,

(19)
wheren denotes the number of iterations, c0 is the inertia weight,
c1 and c2 are the learning factors, rand is a random number in the
range of [0,1], pbi is the individual extremum of each particle,
gb is the global extremum and the output of the algorithm. The
position space of the particles is formed by θs and θd, which
represents the start timing and the duration of slack within a
cycle, respectively, and is constrained by

0 ≤ θs ≤ B, θs + θd ≤ B. (20)

Setting Sa = 100%, the slackness level Ss is bounded by

θd/B × Ss = 12.5%, 10% ≤ Ss ≤ 90%. (21)

The fitness function for maximizing propulsion is defined as

g = −(P pso − P constant)/P constant (22)

whereas the fitness function for minimizing propulsion is defined
as

g = (P pso − P constant)/P constant. (23)

Here, P constant represents the propulsion without the applying
rhythmic pattern, P pso is the propulsion using the rhythmic
pattern determined by θs and θd. With the parameters set as
shown in Table VI, the PSO algorithm minimizes the value of g
to find the targeted rhythmic pattern.
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TABLE VI
PARAMETERS OF THE PSO

Fig. 24. (a) Predicted propulsion curves during PSO progression. (b) Targeted
rhythm under the fitness function for maximal and minimal propulsion.

The predicted propulsion in both targets converged after 50
iterations as shown in Fig. 24(a), achieving a flexible propul-
sion performance regulation with a 66.3% increase and a
33.3% decrease. The optimized PAS is shown in Fig. 24(b),
which is consistent with our previous bioinspired strategy, lo-
cated at the terminal and middle, respectively, which demon-
strates the effectiveness and scalibility of the proposed PAS
method.

V. CONCLUSION

In this article, we proposed a PAS of tail-flapping, which reg-
ulates the power input of the motor in the flapping cycle, aiming
to enhance the propulsion by emulating the rhythmic regulation
of biological muscles. A robotic fish prototype, DDRFishBot,
is developed to investigate the effect of the PAS on propulsion
enhancement, which has the following two main advantages.

1) Achieving leading NTIR of 60.98 (N/Hz/kW) on the
DDRFishBot using only its inherent structural compli-
ance, without additional mechanisms for deformation or
stiffness tuning.

2) Enlarging the controllable space of propulsion perfor-
mance by exploiting the inherent flexibility of the tail
through the rhythmic coupling effect on the peduncle-tail
mechanism.

The PRBM is derived to describ the deformation pattern of
the peduncle-tail mechanism under different flapping strategies.
The EBT-based propulsion estimation verifies that the PAS can
enhance propulsion by utilizing the T-EPE. By adjusting the
power allocation of the peduncle actuation, the accumulation
of T-EPE can be enhanced during the anterior of each flapping
beat. This can prolong the tail rebound, resulting in a flared tail
envelope with larger amplitude and increased propulsion. The
experimental results demonstrate that the allocation pattern of
PAS can modulate the storage and release of T-EPE within a

considerable range, thereby flexibly regulating the tail rebound.
Further CFD analysis enhances the understanding of tail-fluid
interaction that this tail rebound behavior enables the DDRFish-
Bot to entrain more fluid around the tail and generate stronger
shed vortices.

Combining model prediction and experimental validation,
the DDRFishBot was verified to actively utilize the inherent
flexibility of the tail. Compared to the maximal power state by
constant strategy, the slope of propulsion generation is enhanced
by 124%, with a 53.5% reduction in frequency requirement for
the peak propulsion, which indicates a more effective mechan-
ical power transmission for tail-flapping. Within the expanded
performance space, the PAS generate a 228% increase in T-EPE
release, resulting in a 36% enhancement in amplitude, 45.6%
increase in propulsion, and 16.3% in efficiency coefficient. Fur-
ther kinematic analysis reveals the mechanism of the optimal TD
strategy among the tested group. Statistical evaluation reveals
a correlation between the propulsion enhancement effect and
two parameters, namely relative velocity and variance that,
respectively, describe the average strength and fluctuation of
tail-flapping.

Simply connected to passive flexible tails with different stiff-
nesses, the motor with a scotch yoke mechanism can exhibit
similar propulsion enhancement based on the proposed PAS.
Numerical optimization of PAS was also implemented based
on the PSO algorithm to achieve the formulation of rhythm
patterns. These show the potential of applying the proposed PAS
to other underwater robotic fish that possess similar actuation
and flexible tail mechanisms.

Currently, the voltage regulation of PAS compromises max-
imum power output, while the inherent mechanical limitations
of scotch yoke mechanisms constrain power transmission ef-
ficiency, which will be the focus of our future work. Our re-
search will persist in investigating the intrinsic mechanisms of
fish swimming, and further exploring the inherent potential of
the subcomponents for the overall propulsion performance of
robots.
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