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Abstract
Maneuvering in fish is complex and offers inspiration in the development of the next generation
bio-inspired underwater vehicles (BUVs). Balancing desired functionality with minimal
mechanical complexity is a challenge in developing a BUV. This study presents a single-actuator
turning strategy for the Tunabot, a bio-inspired robotic fish, using asymmetric tail-beat timing to
generate turning forces. Biological fish, such as tuna, adjust tail kinematics for maneuverability.
Following this principle, the proposed control method modifies stroke duration through a single
motor, synchronized by a digital encoder. Experiments were conducted in a tank, using the
dorsal-view high-speed video and DeepLabCut motion tracking technology to analyze and quantify
turning radius and swimming velocity. A 66% asymmetric difference in tail-beat timing resulted in
a turning radius of 1.42 body lengths at a certain base frequency. Scaling laws were developed to
reveal the fluid dynamics and predict the turning radius and swimming speed of the Tunabot given
known tailbeat frequencies. Power consumption data was gathered for asymmetric maneuvers and
compared to their symmetric equivalents. These findings demonstrate that asymmetric tail-beat
control enables effective turning without dedicated steering mechanisms, offering novel insights
for designing highly maneuverable underwater bio-robots with low power consumption.

1. Introduction

Various fish species are being extensively studied
for their high-speed and high-efficient swimming
capabilities, to enable energy-efficient locomotion
at sustained velocities in bio-inspired underwater
vehicles (BUVs) [1, 2]. However, these platforms
often lack the necessary maneuverability, a critical
limitation for real-world applications in dynamic
environments where rapid directional adjustments
are essential. Most existing designs depend on single-
motor propulsion systems that drive rigid or semi-
rigid tails at high frequencies, prioritizing thrust over
agility. While these systems excel in linear speed and
simplicity, their inability to execute turning man-
euvers restricts their practical applicability.

Existing approaches to enhance maneuverabil-
ity often involve trade-offs. For example, articu-
lated tails with multiple servo-driven joints [3–5] or
external actuators such as pectoral fins [6–8] enable

turning but introduce increased power consumption,
mechanical complexity, and additional weight. These
modifications place greater demands on onboard
power systems, thereby reducing operational endur-
ance, an especially critical limitation for compact,
battery-constrained platforms.

To address this limitation, this study integrates
turning capabilities with a single motor thunni-
form swimmer, the Tunabot [1], without the addi-
tion of auxiliary actuators or significant mechan-
ical redesign. By leveraging the existing propulsion
system, we achieve directional control while retain-
ing its proven high-speed performance. This strategy
eliminates power overhead and avoids space, weight,
and complexity penalties inherent to multi-actuator
systems.

Focusing on biological systems, thunniform
swimmers have several adaptations to execute turn-
ing maneuvers, such as pectoral fins and caudal fin
manipulation. Recent studies on the Pacific bluefin
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tuna suggest that these kinds of thunniform swim-
mers have three main behaviors for turning [9].
Classified as glide turns, powered turns, and ratchet
turns, these maneuvers offer trade-offs between
energy expenditure, turning rate, and turning radius.

This study focuses on implementing a caudal-
based turning method that leverages an asymmetric
frequency difference across a single tailbeat to achieve
turning. Similar turning behavior was observed by
Downs et al [9], who reported that Pacific bluefin
tuna varied their tailbeats asymmetrically to achieve
both large and small radius turning. Downs et al
categorizes these active tailbeat asymmetric man-
euvers into two different categories: powered turn-
ing and ratchet turning. Powered turning relies on
small asymmetric differences, leading to wide radius
maneuvers, while ratchet turning relies on larger
asymmetric differences, resulting in smaller radius
maneuvers [9]. The ability to control this asymmet-
ric difference in the tailbeat allows the tuna to have
a large degree of flexibility in its heading, leading to
increasingly accurate navigation.

In a bio-inspired swimmer such as the Tunabot,
the ability to adapt its turning radius through an
asymmetric flapping turning strategy enables the
vehicle to execute a wide range of turning radii while
still maintaining sufficient propulsive forces. This
study attempts to recreate this turning behavior using
an existing tuna-inspired swimming platform with
an asymmetric tailbeat pattern to emulate the turn-
ing behavior of an equivalent biological thunniform
swimmer.

2. Design & control methods

This study adapts an existing thunniform swimming
platform, the Tunabot [1], with targeted mechanical
modifications to enable turning capabilities. Various
caudal fin flapping configurations were explored, and
a control strategy was developed to successfully regu-
late the tailbeat frequency of the vehicle.

2.1. Mechanical design
The original Tunabot design was optimized for high-
speed rectilinear swimming, featuring a 3D-printed
ABS body with a single articulated point driving
the caudal fin. The Tunabot measures 255.3 mm in
length, 49.2 mm in width, and 67.8 mm in height. It
has a mass of 0.31 kg in the air. As seen in figures 1(a)
and (b), the vehicle consists of three main sections:
the head, actuating region, and caudal fin.

With the objective of this study being to add a
new degree of maneuverability to an existing vehicle,
a number of design changes were made to the vehicle
model. The caudal fin is driven by a DC Motor
(485 RPM Econ Gear Motor; gear ratio 20:1) from
ServoCity, differing from the original Tunabot design

Figure 1. (a) Dorsal–ventral cross section view of the
Tunabot CAD model, (b) dorsal–ventral view of Tunabot.

which utilized a 970 RPM motor, limiting the study
to a lower frequency range. Pulse-width modulation
(PWM) signals were sent to the motor to control
speed from an external control board. The caudal fin
is actuated through a mechanical linkage between the
motor shaft and the inside of the tail. This linkage cre-
ates a proportional relationship betweenmotor speed
and tailbeat frequency, allowing for the frequency of
the tail to be manipulated by motor control. The
vehicle was powered via an external 12 V power sup-
ply and was electrically tethered by a cable with a dia-
meter of approximately 2.5 mm.

A digital encoder (US Digital E16 16 mm Micro
Optical Encoder; 2048 cycles per revolution) was used
to accurately obtain positional data from the propul-
sion motor. This encoder provides A, B, and Index
digital quadrature signals with a small physical foot-
print, making it an optimal choice for usage inside
the space-constrained Tunabot model. The bore size
of the optical encoder disk, initially 2 mm, was care-
fully modified to fit around the 4 mm shaft of the
propulsion motor. A small 3D-printed disk-to-shaft
adapter was printed to ensure a rigid yet easily modi-
fiable coupling between the disk and the motor shaft.
The digital outputs from the A and B channels of the
encoder weremonitored via digital interrupts to track
the motor’s position in encoder ticks about its cycle.
Additionally, the output from the index channel was
monitored to log the completion of the motor’s cycle.
The encoder disk was mounted such that the position
of the index correspondedwith a colinear tail position
with respect to the propulsion axis of the Tunabot. A
homing sequence was written to initialize the tail to a
consistent position for each test.
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2.2. Caudal fin flapping configurations
This work focused on the implementation of an
asymmetric flapping turning strategy. The principle
underlying this approach is the modulation of the
caudal fin’s tailbeat frequency during specific phases
of the propulsion cycle, thereby generating a fre-
quency bias across the sweeping path of the fin. This
movement results in a turning maneuver towards the
side of the tailbeat of lower frequency. It is import-
ant to note that this method only creates a frequency
bias and does not introduce any positional bias of the
tailbeat.

During our preliminary investigations, a posi-
tional bias turning method was considered. In this
half cycle flapping approach, turning is achieved by
introducing a positional tailbeat bias, angling the
sweeping path towards a single direction to gener-
ate a lateral turning force. Qualitative comparisons
between the twomethods indicate that half cycle flap-
ping generates less propulsive force as the tail no
longer follows its full path. In contrast, asymmetric
flapping produces a greater propulsive force as the tail
is still following its full path. In addition, in-water
testing of the half cycle flapping method revealed
major vehicle instability issues about the propulsion
axis of the Tunabot due to the fast switching of motor
direction necessary to create the positional bias. As a
result, this strategy was not pursued further, and no
control method was developed.

Implementing an asymmetric approach requires
identifying an optimal division of the motor’s cycle
to achieve effective turning. Open-loop control was
developed for four different configurations of asym-
metric flapping, each manipulating the frequency of
themotor at different points during its cycle. Through
qualitative testing in a free-swimming setup and ana-
lysis of live encoder data, it was determined that divid-
ing themotor’s cycle into two equal sections provided
the most pronouncing heading change and the best
qualitive swimming performance. Specifically, the
cycle was partitioned from 0◦ to 180◦ and from 180◦

to 360◦, with 0◦ defined at the top of the cycle. This
division resulted in a tailbeat frequency f1 on the left
half of the sweeping path and a tailbeat frequency f2
on the right half, successfully creating a frequency bias
that enabled effective turning maneuvers.

2.3. Control strategy
To regulate the frequency of the propulsion motor,
a proportion-derivative (PD) controller was imple-
mented. PD control is a widely used feedback con-
trol strategy that adjusts the motor output based on
the error between a desired setpoint and the meas-
ured system response. Integral control was excluded
due to the rapid change in setpoint. Figure 2 provides
a simple outline of the control strategy used. For this
system, the desired setpoint was a frequency value

Figure 2. PD control scheme diagram.

ranging from 1 to 5 Hz, with the measured out-
put being the actual motor frequency. This control
strategy was used to adjust the PWM signal, ensuring
a fast response to the changing input frequency. PWM
signals were clamped from 70 to 255, with 70 being
the lowest possible PWM signal that would actuate
the motor. For quick response in the system output,
step functions were used to oscillate between the two
asymmetric flapping frequencies.

Real-time encoder feedback was used to calcu-
late the motor’s instantaneous frequency. The calcu-
lation was based on comparing the current encoder
sample E1 with the previous encoder sample E2. Using
this difference, along with the encoder’s counts per
revolution, denoted as n, and a known time inter-
val dt, the actual frequency of the tailbeat fi could be
acquired at any given location on the motor’s cycle
using

fi =
E1 − E2
dt · n

. (1)

To minimize noise within frequency calculations,
a first-order low-pass filter was applied using an expo-
nential moving average to calculate filtered frequency
ff using

ff = αfi +(1−α) ff, prev. (2)

This filter smooths fluctuations in encoder
readout by blending the current encoder measure-
ment with the previously filtered value ff, prev. By
adjusting the filter weight α, noise could be suffi-
ciently attenuated, enabling the PD controller to be
less susceptible to error and fluctuation in frequency
calculations. Using these control strategies, the speed
of the motor was modulated, enabling controllable
asymmetric flapping. Real-time encoder data shown
in figure 3(a) indicates that noticeable oscillations
persisted in the motor output frequency. We attrib-
ute the observed oscillations to the mechanical link-
age between the motor and the caudal fin, which
likely introduces variable friction points throughout
the motor cycle. These friction variations perturb the
PD controller as it attempts to maintain a constant
frequency under changing resistance. The accuracy of
the frequency response depended on both the mag-
nitude of the difference between the two selected

3
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Figure 3. Instantaneous motor frequency gathered from encoder readings. Blue line represents calculated frequency with black
line representing set frequency. (a) Asymmetric routine between 2 and 3 Hz, (b) asymmetric routine between 4.5 and 2.5 Hz.

frequencies and the base frequency value used for
the asymmetric flapping protocol. Larger frequency
differences resulted in poorer system performance,
whereas lower base frequencies combined with smal-
ler frequency differences produced more consist-
ent and accurate responses, as shown in figure 3.
Constraints in the motor’s ability to adapt to rapid
PWM changes likely contributed to the difficulty
in achieving stable frequency tracking for larger fre-
quency differences. Nevertheless, this control strategy
provided a reliable method for regulating the propul-
sion motor between two distinct frequencies, produ-
cing enough disparity between frequencies to gener-
ate an observable and quantifiable asymmetric turn-
ing maneuver.

An important consideration of this asymmetric
control strategy is the potential time delay in the start
of a turning maneuver. Based on the sectioning of the
motor cycle, the asymmetric routine can only be ini-
tiated at two points during the motor’s cycle, either
when the motor is at 0◦ or 180◦. This time delay will
occur when transitioning from symmetric to asym-
metric flapping and will be particularly noticeable
at lower frequencies. Time delay will be worst when
the asymmetric control is initiated at an undesirable
motor position such as 1◦ or 181◦. The relationship
between time delay td and the symmetric flapping fre-
quency fs is governed by

td =
0.5

fs
. (3)

The relationship between td and fs is inversely pro-
portional, and at frequencies greater than 5 Hz, this
delay becomes increasingly negligible.

3. Experimental methods

To evaluate the performance of the asymmetric
flapping control algorithm, a range of frequency com-
binations was tested using base frequencies between

2.5 and 5 Hz in 0.5 Hz increments. Each base fre-
quency f1 was combined with a frequency difference
∆f defined by equations (4) and (5). Equation (6)
represents the resultant secondary frequency f2, the
difference of f1 and∆f,

f1 ϵ {2.5,3,3.5,4,4.5,5} (4)

∆f ϵ {0.5,1,1.5,2} (5)

f2 = f1 −∆f. (6)

Frequency combinations with disparities greater
than 2 Hz were generally ineffective due to limit-
ations in the motor’s response time, leading to a
loss of control. Likewise, at base frequencies above
5 Hz, the motor exhibited difficulty transitioning to
f2, also resulting in control loss. Therefore, only a
range of base frequency f1 from 2.5 to 5 Hz was con-
sidered. Frequency combinations having a base fre-
quency lower than 2.5 Hz resulted in impractically
low swimming speeds. Additionally, frequency values
f2 lower than 1 Hz were not considered for the same
reason, meaning the combination f1 = 2.5,∆f = 2.0
was excluded from testing. Each frequency combina-
tion was tested over 3 trials, resulting in a total of 69
datapoints.

3.1. Experimental setup
Frequency combinations were tested in an open water
tank measuring 4.8 m × 1.5 m. Although experi-
ments aimed to simulate free-swimming conditions,
the Tunabot model remained electrically tethered to
supply continuous power and eliminate the need
for post-experiment data retrieval. To minimize the
influence of the tether, the Tunabot platform was
adjusted to be neutrally buoyant, and the electrical
cable was suspended along the vehicle’s y-axis with
sufficient slack to avoid mechanical interference.
Under these conditions, tether effects were considered
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Figure 4. Schematic diagram of the experimental setup.

negligible and excluded from analysis. All tests were
conducted with the Tunabot submerged at the mid-
depth of the tank to minimize interference from the
surface and bottomboundaries. During each trial, the
Tunabot operated at the assigned frequency combin-
ation until it exited the camera frame, made contact
with a tank wall, or completed a full rotational turn.
Dorsal-view high-speed video was recorded at 100 fps
for each test using an AOS Technologies PROMON
U1000 streaming camera mounted above the tank to
capture the full testing area. Figure 4 depicts the full
testing setup used for experimentation.

3.2. Data analysis techniques
High-speed video recordings were analyzed using
DeepLabCut (DLC), an open-source software pack-
age for markerless pose estimation that utilizes trans-
fer learning with deep neural networks [10]. The
video data was manually labeled, and a network was
trained to extract the Tunabot’s pose as a series of
x−y coordinates for each trial. To enhance the robust-
ness of pose estimation, two points aligned along the
Tunabot’s body axis were tracked, providing two sets
of x−y coordinates per test. Network evaluation yiel-
ded an average tracking confidence of 97.88% across
all trials. Minor disturbances in pose estimation occa-
sionally occurred due to glare on the water’s surface
and visual interference from cables, which sometimes
obscured the tracking markers. Figure 5 shows DLC-
labeled snapshots of an experimental test at differ-
ent time values, showing that DLC training is robust
enough to successfully track the Tunabot even with
disturbances.

After extracting the coordinate data, a scalar con-
version factor m (in mm/pixel) was applied to trans-
form pixel-based values into millimeters. This factor
was determined using a calibration video with a
known distance and was recorded at the same height
as the Tunabot during turning experiments. This
constant was found to be p= 1.097025 mm/pixel.

Subsequently, the coordinate data from each trial was
imported into MATLAB for analysis. A least-squares
circle fitting method was employed to estimate the
turning radius of the vehicle. The total turn angle
θ and turn duration ∆t were calculated using the
start and end coordinates along with their respective
timestamps. The angular velocity of the turningman-
euver was computed using the definition provided
in equation (7). The corresponding linear velocity V
during the turn was derived using the turning radius
r and angular velocity ω using the tangential linear
velocity relation in equation (8),

ω =
θ

∆t
(7)

V= rω. (8)

Power consumption P was measured and aver-
aged for each frequency combination using an
INA260 sensor. Measurements were not taken until
the Tunabot had reached steady state and were collec-
ted for at least 20 flapping cycles. This power P is the
summation of the power consumed by the motor and
the motor driver.

4. Experimentation results

Following data extraction from the DLC-generated
CSV files, analysis was conducted in MATLAB.
Figure 6(a) presents raw data points, with radius
r plotted against velocity V. Figures 6(c) and (d)
present various trajectories of the Tunabot. As shown
in figure 6(a), larger frequency differences ∆f com-
bined with lower base frequencies f1 generally resul-
ted in a smaller turning radius and lower velocity.
In contrast, smaller ∆f and larger f1 values tend to
result in maneuvers with a larger turning radius and
larger velocity. From the plot in 6(a), turning rates
can be calculated for each data point by solving for
ω in equation (8). Greater ∆f values correspond to
faster turning rates, whereas smaller ∆f are associ-
ated with slower turning rates. Data points featuring
both high base frequencies and large frequency dif-
ferences yield the fastest turning rates. These results
collectively indicate that both the magnitude of the
base frequency and the extent of the frequency dis-
parity play critical roles in determining maneuvering
performance.

Analysis of the raw turning paths extracted from
the DLC tracking highlights the significant influ-
ence of f1 and ∆f on the resulting turning radius.
Figure 6(c) presents representative turning paths for
each f1 value at a fixed ∆f= 2.0. Consistent with the
trends observed in figure 6(a), smaller f1 values pro-
duced tighter turning paths. Conversely, figure 6(d)
displays turning paths at various f1 values with a smal-
ler fixed∆f= 0.5 Hz, resulting in a noticeably larger
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Figure 5. Pictures taken from Tunabot turning testing at f1 = 4.5 Hz,∆f = 2.0 Hz. (a) Position at t= 0, (b) t= 5, (c) t= 10, (d)
t= 15. Motion traces have been added to the images with the red trace tracking a point on the Tunabot’s head, and the purple
tracking a point 24.2 mm behind this first point.

Figure 6. (a) Velocity and turning radius measured at different frequency combinations. The marker styles are mapped to the
value of f1 while the marker colors, from blue to yellow, correspond to∆f from 0.5 to 2 Hz. (b) Lift and thrust forces acting on the
Tunabot. Trajectories of the Tunabot at different values of f1 when∆f is fixed at (c) 2 Hz and (d) 0.5 Hz.

turning radius. These results further demonstrate the
combined effects of base frequency and frequency dis-
parity on maneuvering performance.

Building on this analysis of turning trajector-
ies, we assessed the range and adaptability of turn-
ing radii achieved through the tested frequency com-
binations. Varying the input frequencies produced
a broad spectrum of turning behaviors, with radii
spanning from 1.33 to 14.90 body lengths (BL),
representing the minimum and maximum values
observed i experimentation. Figures 6(c) and (d)
illustrate the large range of turning radius flexibil-
ity achieved with this approach. This range can be

resolved evenmore finely when using frequency com-
binations without the 0.5 Hz step size constraint
and limiting the maximum ∆f to 2.0 Hz. For bio-
inspired underwater vehicles, such control flexibility
is essential, as the optimal turning radius is often dic-
tated by environmental or operational requirements.
A larger turning radius, which produces a gradual
change in heading while maintaining forward velo-
city, may be better suited for long-distance naviga-
tion. In contrast, a smaller turning radius with faster
heading changes could be advantageous in dense
schooling contexts or during short-range obstacle
avoidance.
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Interestingly, frequency combinations of different
f1 and ∆f can produce similar turning radius while
yielding substantial differences in swimming velo-
city. For instance, trials using f1 = 5 Hz, ∆f= 2 Hz
resulted in an average turning radius and speed of
3.99 BL and 0.59 BL s−1, respectively. Trials with f1 =
2.5 Hz, ∆f = 0.5 Hz produced an average turning
radius 4.75 BL and a swimming speed of 0.30 BL s−1.
Comparing these two combinations, the f1 = 5 Hz
case exhibited a 19.05% decrease in turning radius
and a corresponding 44.21% increase in swimming
speed relative to the f1 = 2.5 Hz case. These res-
ults suggest that turning maneuvers of comparable
radius can be achieved at different swimming speeds,
offering an additional degree of control that may
be advantageous depending on specific maneuvering
requirements.

5. Scaling law analysis

Scaling laws were developed to reveal the physics of
the asymmetric flapping of the Tunabot and to pre-
dict its velocity and turning radius. Here, we approx-
imate the propulsor of the Tunabot, which is the actu-
ation section plus the tail, as an airfoil pitching about
its leading edge. The reduced frequency, k= fc/V, of
the propulsor in the experiments ranges from 1.33
to 1.51, where f is the flapping frequency and c is
the chord length of the propulsor. Based on linear
aerodynamic theory [11–14], the added mass force,
which results from the acceleration of the surround-
ing fluid by the propulsor, dominates the force acting
on the propulsor in the reduced frequency range of
this study. Therefore, we only account for the added
mass force in the scaling law development. According
to linear aerodynamic theory, the time-averaged lift L,
which is effectively the centripetal force in our exper-
iments as depicted in figure 6(b), can be calculated as

L∝ ρSAc f21

(
1
f1

1
f1
+ 1

f1−∆f

)

− ρSAc( f1 −∆f)2
(

1
f1−∆f

1
f1
+ 1

f1−∆f

)
, (9)

where ρ is the density of the fluid, S is the planform
area of the propulsor, andA is the tailbeat amplitude.
After organization, we are left with

L∝ ρSAc

(
f21 (f1 −∆f)− (f1 −∆f)2f1

2f1 −∆f

)
. (10)

When the frequency asymmetry is set to ∆f =
0, equation (10) becomes L= 0, indicating that no
centripetal force is generated. Similarly, the time-
averaged thrust T acting on the Tunabot as depicted

in figure 6(b) can be calculated as

T∝ ρSA2

(
f21 (f1 −∆f)+ (f1 −∆f)2f1

2f1 −∆f

)
. (11)

When the frequency asymmetry is equal to∆f =
0, equation (11) is reduced to

T∝ ρSA2f21 , (12)

which is exactly the added mass thrust scaling of an
airfoil symmetrically pitched about its leading edge.
According to the drag lawof biological swimming [15,
16] the thrust generated by the propulsor is equal to
the drag produced by the fish head when the Tunabot
reaches the steady state, which is

T= D= 0.5ρV2LiS, (13)

where Li is the Lighthill number that indicates the
level of drag loading on the fish head. The Lighthill
number is related to the material and geometry of
the Tunabot, which was fixed in our experiments.
Combining equations (11) and (13), the velocity can
be calculated as

V∝

√√√√A2

Li

(
f21 (f1 −∆f)+ (f1 −∆f)2f1

2f1 −∆f

)
. (14)

Since the amplitude and the Lighthill number in
our experiments were fixed, we can wrap them into a
constant, resulting in

V= c1

√
f21 (f1 −∆f)+ (f1 −∆f)2f1

2f1 −∆f
, (15)

where c1 is a dimensional constant and needs to be
determined. The coefficient is determined to be c1 =
0.12 by linear regression. Figure 7(a) compares the
scaling law prediction with experimental data, which
shows that the model can predict the velocity of the
Tunabot to within 20% error. According to the cent-
ripetal force formula, the turning radius can be calcu-
lated as

r=
mV2

L
, (16)

wherem is the mass of the Tunabot. Therefore, based
on equations (10) and (14), we have

r∝ mA

ρLiSc

(
f21 (f1 −∆f)+ (f1 −∆f)2f1

f21 (f1 −∆f)− (f1 −∆f)2f1

)
. (17)

Since the mass, amplitude, fluid density, Lighthill
number, the planform area and chord length of the
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Figure 7. (a) Velocity and (b) turning radius compared with the scaling law predictions. Dashed lines present 20% and 30%
margins of error in (a) and (b), respectively. If the scaling laws provide an accurate prediction of the velocity and turning radii, the
data points should collapse to the line of y= x.

propulsor were fixed in our experiments, we canwrap
them into a constant and have

r= c2

(
f21 (f1 −∆f)+ (f1 −∆f)2f1

f21 (f1 −∆f)− (f1 −∆f)2f1

)
, (18)

where c2 is a dimensional constant and needs to be
determined. This constant is determined to be c2 =
0.65 by linear regression. Figure 7(b) presents the
scaling lawprediction for the turning radius. The scal-
ing law can predict the turning radius to within 30%
error.

Furthermore, a scaling law for vehicle turning rate
ω = V/r can be derived using equations (15) and (18)
resulting in

ω = c3

f21 ( f1 −∆f) − ( f1 −∆f)2 f1
f21 ( f1 −∆f) + ( f1 −∆f)2 f1√
f21 ( f1 −∆f) + ( f1 −∆f)2 f1

2 f1 −∆f

(19)

where the coefficient is determined to be c3 = 0.17
from c1/c2. With equation (19), parameter combin-
ations of f1 and ∆f were optimized to determine the
maximum turning rate of the vehicle. The optim-
ization was performed using fmincon function in
MATLAB over the parameter ranges of the experi-
ments, which are f1 ∈ [2.5, 5.0] and ∆f ∈ [0.5, 2.0].
The optimization presents that a combination of f1 =
5 Hz and ∆f = 2 Hz generates the maximum turn-
ing rate of ω = 9.60 deg s−1. The turning rate of
this combination measured in experiments is ω =
7.03 deg s−1, exhibiting an error of 26.8%.

6. Turning power consumption

Figure 8 presents the power consumption of the data
points in figure 6(a) and compares them with the
power consumption of straight swimming. When the

Figure 8. Power consumption as a function of the velocity.
The black line represents the data for straight swimming,
whose∆f is zero. The colored dots represent the data from
asymmetric flapping. The marker color from blue to yellow
represents increasing the turning radius.

turning radius is fixed, the power is increased as the
velocity is increased. In addition, at the same velocity,
it requires more power to turn at a smaller turning
radius. At low velocities (V≤ 0.3 BL s-1), the power is
increased by 7.8% to 36.8% compared to the straight
swimming counterpart when the turning radius is
r= 1.6 BL. At high velocities (V> 0.3 BL s-1), a turn-
ing radius in the range r= 3.2 BL leads to a power
increase ranging from 18.3% to 50.8% compared to
the straight swimming. At low velocities, the power
increase generated by turning can be negligible when
the turning radius is large. For example, at the velo-
city of V= 0.3 BL s−1, the power increase required to
turn at a radius of r= 4.75 BL is only 2.61%.

7. Conclusions

This study demonstrates that targeted mechan-
ical and control-based modifications to a tuna-like
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robot can successfully introduce turning capabil-
ities without adding mechanical complexity to the
vehicle. The selected control strategy successfully
introduces a frequency asymmetry across the tailbeat
cycle. Leveraging this frequency-based asymmetric
flapping, the vehicle exhibits consistent and control-
lable turning maneuvers. Additionally, the turning
radius and velocity of the Tunabot depend on the two
input frequencies.

Lower base frequencies combined with a larger
frequency difference leads to a turningmaneuverwith
a smaller radius and reduced forward velocity, while
higher base frequencies with smaller disparities led to
a turning maneuver with faster swimming but a sig-
nificantly larger radius.

Scaling laws were developed to reveal the phys-
ics behind the turning achieved by asymmetric flap-
ping and can predict the velocity and turning radius
of the Tunabot. It is discovered that the thrust and
centripetal force acting on the Tunabot are dominated
by the added mass force. The velocity scales with the
square root of the added mass thrust, and the turning
radius scales with the kinetic energy of the Tunabot
over its added mass lift. Optimization of a scaling law
to predict the turning rate of the vehicle reveals that
the highest turning rate in the experimental range
lies at the combination f1 = 5 Hz,∆f = 2 Hz. Future
work to further explore these hydrodynamic effects
could include more comprehensive analysis, such as
modeling of unsteady vortex dynamics and added
mass effects through numerical simulation.

Executing a turning maneuver through the asym-
metric flapping generates a power increase compared
to the straight swimming at the same velocity. At low
velocities (V≤ 0.3 BL s-1), turning at a radius of r≈
1.6 BL leads to 7.8% to 36.8% power increase com-
pared to the straight swimming counterpart. At high
velocities (V> 0.3 BL s-1), a turning radius of r≈
3.2 BL generates 18.3% to 50.8% increase in power
compared to straight swimming. However, turning at
low velocities with a large turning radius, for example
V= 0.3 BL s−1 and r= 4.75 BL, generates negligible
power increase.

This study presents a novel approach for the turn-
ing of underwater bio-robot achieved by frequency
asymmetry across the tailbeat cycle. Moreover, this
study quantifies the coupling among the velocity,
turning radius, and power consumption during the
turning maneuvers. These findings can help the
design of highlymaneuverable underwater bio-robots
with low power consumption.
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