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Abstract

A cyber–physical underwater vehicle is equipped with bio-inspired flapping fins positioned
on the sides of the vehicle’s main body. The proposed control surfaces are inspired by fish
pectoral fins, generating forces and moments that can potentially be harnessed for maneu-
vering, hovering and station keeping. The streamwise and cross-stream forces produced
by the fins are characterized for a range of reduced frequencies and Strouhal numbers.
The streamwise forces are shown to be predominantly a function of the fin’s projected
frontal area, while the lateral forces also depend on the Strouhal number. When operated
simultaneously, different flapping synchronizations can be employed for specific goals; a
symmetric motion suppresses the lateral forces, while an anti-symmetric motion decreases
the peaks of the streamwise force produced. The cyber–physical vehicle demonstrates how
the pair of fins can successfully maneuver the vehicle in the lateral direction.

Keywords: underwater locomotion; bio-inspired maneuvering; bio-locomotion; pectoral fins

1. Introduction
Fish are highly maneuverable while also being energetically efficient swimmers [1].

The majority of species employ body and caudal fin undulations as their primary source of
thrust during high-speed forward swimming [2,3]. While accessory appendages such
as the pectoral fin may also be used for steady rectilinear propulsion [4–7], they are
often employed for maneuvering and breaking [8], station holding [9] and stabiliza-
tion [1]. Control surfaces located posterior to the center of mass produce trimming
forces [10–12] that can reorient the body and/or flow field passively, creating self-correcting
forces that are stabilizing by nature, and are commonly used by fish swimming in steady
and turbulent flows [13–16]. Conversely, control surfaces anterior to the center of mass
produce self-amplifying disturbances that promote higher maneuverability instead of
stability [1,17].

Unconventional underwater vehicle (UV) designs take inspiration in fish morphology
and biomechanics to achieve high maneuverability. Flexible fish-like robots that can bend
their bodies achieve high turning rates and small turning radii [18,19] while improving
the hydrodynamic performance of rectilinear motion [20] compared to a rigid-body ar-
chitecture [21]. At the same time, flexible-body UVs typically display a complex internal
architecture and a high number of moving parts. Bio-inspired, rigid-body UVs, on the other
hand, benefit from a reduced number of moving parts that yields high electromechanical
efficiency, as well as higher payload capacities compared to flexible-body designs [22,23].
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The trend of reduced maneuverability of rigid-body UVs relative to flexible-body UVs
can be addressed through the use of appendages as control surfaces [24–26], particularly
at low forward speeds for small radius maneuvers and precise station holding, follow-
ing a trend observed in nature —stiff-bodied fish tend to posses a greater number of
appendages compared to flexible-bodied species [27] that are used for maneuvering. Due
to the three-dimensional kinematics and wake structures being revealed for pectoral fins of
real fish [28–30], computational simulations have been performed for finite aspect-ratio fins
undergoing three-dimensional kinematics [31–33], and efforts in robotics have typically
focused on the development of sophisticated bio-inspired mechanisms with rigid and flexi-
ble fins [25,34–36]. While greatly informative, it is difficult to generalize the hydrodynamic
forces and flow structures from these results due to the high complexity of their fin shape,
kinematics and in some cases the fin flexibility.

In an effort to understand the most salient parameters that dictate the force production
of a flapping fin near a solid body and its ability to maneuver an underwater vehicle, we
perform experiments on an idealized model with a bio-inspired flapping fin capable of
a single degree-of-freedom. We use a model system to characterize the dynamics of a
rigid underwater vehicle capable of lateral maneuvering and hovering through the use
of control surfaces inspired by fish pectoral fins anterior to the vehicle’s center of mass.
For simplicity, our model is nominally two-dimensional with a fish-like profile and the
fins are modeled as a pair of rigid flapping plates, attached to the sides of the vehicle as
shown in Figure 1a,c. The flapping plates thus impart momentum to the surrounding flow
and move independently from the vehicle’s body, generating powered forces [10,11] to
maneuver the vehicle. The choice of flapping fin geometry and kinematics is intentionally
designed to be simple, yet is relevant to a wide range of bio-inspired control surfaces. Our
goals here are to provide a detailed characterization of the forces produced by a single
degree-of-freedom flapping plate and demonstrate its efficacy for the maneuvering and
station keeping of an underwater vehicle. Our methodology thus contributes to the existing
literature by identifying the key non-dimensional parameters associated with streamwise
and cross-stream forces produced by such flapping fins. Due to its geometric simplicity,
the results obtained from the current study should also be applicable to higher-complexity
bio-inspired control surfaces, and should support the design of a broad range of underwater
robotic designs.

The system of a thin pitching plate attached to a solid boundary draws a parallel to
the canonical problem of oscillating flapping foils. Depending on their kinematics, they
can add momentum to the flow, producing a net thrust for propulsion [37,38] or extract
momentum from the flow, producing a net drag for energy harvesting [39–41], for which
the thrust or drag force production is associated with reverse von-Kàrmàn and von-Kàrmàn
wakes, respectively [42]. For the case of self-propelling oscillating foils, the presence of
a nearby solid boundary deflects the wake advection trajectory away from the boundary
and affects its hydrodynamic performance; under the ground-effect, the thrust is inversely
proportional to the square of the distance to the boundary, increasing with smaller distances
as the added-mass forces grow due to the presence of the boundary [43,44]. Unlike for those
systems, however, the thin flapping plates studied here have their leading edge attached
to the boundary, preventing the formation of leading edge vortices typically observed
in canonical oscillating foils. Additionally, the pectoral fin motion is not symmetrical
relative to the freestream direction. This asymmetry introduces the net lateral forces that
will be explored for lateral maneuvering of the vehicle. Flow visualizations from [45,46]
show the formation of trailing edge (TE) vortices during the fin’s upstroke that eventually
break-up during the downstroke. The advection trajectory of the TE vortex is shown to be
affected by the fin kinematics. For low Strouhal, the TE vortex advects roughly along the
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streamwise direction. As the Strouhal number increases, the TE vortex trajectory becomes
oblique, being accelerated in lateral direction. This was associated with the increased
lateral force production with increasing flapping frequency and amplitude, and the peak
in the lift amplitude throughout the flapping cycle roughly coinciding with the TE vortex
shedding event. For St ≳ 0.4, they observed an increased flow “suction” opposite to the
streamwise direction in-between the fin and the body that produced vorticity with an
opposite sign from the TE vortex that engulfs the TE vortex during the fin’s downstroke as
it advects downstream.
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servo motors
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Figure 1. Experimental setup. (a) Schematics of the experimental apparatus. (b) Cyber–physical
system control loop. Orange arrows represent the lateral motion of the vehicle. (c) Left: Schematics of
the vehicle profile and dimensions. Maximum fin amplitude β is defined relative to the lateral body
line. Right: Symmetric and anti-symmetric modes of two-fin flapping motions.

Here we measure the streamwise and lateral forces produced by a single flapping
plate and describe how it scales with the flapping kinematics. We then describe the forces
produced by two plates flapping simultaneously for both a symmetric and anti-symmetric
motion. Finally, a one-dimensional cyber–physical closed-loop control system [47–50] is
employed to allow the vehicle to move freely in the cross-stream direction in response to
the lateral forces produced by the flapping plates.

2. Materials and Methods
Experiments were carried in a recirculating water channel with test Section 4 m

long, 0.8 m wide and 0.6 m deep. Figure 1a shows the experimental setup. The
two-dimensional fish-inspired model [46] has a main body (in blue) of length L = 0.32 m
and is designed as a modified NACA 0025 airfoil with constant thickness section inserted
between x/L = 0.19 and 0.56. End plates are placed at the top and bottom of the body and
render the flow nominally two-dimensional, effectively suppressing three-dimensional
features from affecting the flow. The “pectoral fins” consist of a pair of rectangular flapping
plates of chord length c = 0.04 m and thickness tfin = 3.2 mm, mounted on each side
of the body. The fins pitch around their leading edge, located at 0.26 L. The main body
profile was designed to be streamlined, with its constant thickness section to be sufficiently
long relative to the fin’s chord length. This is intended to minimize any undesirable ef-
fects of the body’s trailing edge onto the flapping fin forces and flow structures, such
as adverse pressure gradients due to body tapering or body trailing edge vortices shed
during lateral maneuvers. The fins are each independently controlled by a servo motor
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with angular resolution of ±1◦ (BLDC Planetary GearMotor, Anaheim Automation, model
BLWRPG173D-24V-4000-R15-1000DN8).

A supporting shaft connects the fish model to a six-axis force and torque sensor (ATI
Delta IP65 from ATI Industrial Automation, Apex, NC 27539, USA) that measures the
instantaneous forces acting at point P = (0.465 L, 0) relative to the vehicle’s leading edge,
as depicted in Figure 1c. The model is mounted to a supporting platform that can move
in the cross-stream, ŷ-direction commanded using a linear motor. The model motion is
governed by a real-time, one degree of freedom closed-loop cyber–physical control system
(CPS) [47] (Figure 1b) which mimics a swimming fish that is free to move in the cross-stream
direction in response to the cross-stream hydrodynamic forces, and subject to user-defined
virtual mass, mv. In these experiments the ratio between the virtual mass and the mass
of water displaced by the submerged vehicle m f is m∗ = mv/m f = 7.9. The fluid force
acting on the vehicle is defined as Ffluid(t) = FFT(t)− mpa(t) where FFT(t) is the cross-
stream force measured by the force sensor, and a(t) is the carriage acceleration measured
by the accelerometer. Note that the force measured by the force sensor FFT is affected by
the inertia of the carriage, such that the hydrodynamic force acting on the submerged
model Ffluid(t) is obtained by subtracting the carriage’s inertial force mpa(t) from FFT

as it moves along the lateral degree-of-freedom. The fluid force signal is then divided
by a user-specified mass mv and integrated twice in time to determine the linear motor
target position y(t) =

∫∫
(Ffluid(τ)/mv)dτdt. The cyber–physical model thus defines the

governing equation Ffluid(t)− mva(t) = 0 in the cross-stream direction, where the virtual
mass mv is defined by the experimentalist and is independent from the physical mass of the
model mp by definition, as the closed-loop control defines the system’s governing equation.

In this work, the pectoral fin kinematics are a prescribed sinusoidal pitching motion.
For results of a single fin, one fin is flapping while the other is kept retracted close to
the body. For the simultaneous flapping of the two fins, their phase synchrony is either
symmetric or anti-symmetric as depicted in Figure 1c. For a symmetric motion, both fins
extend simultaneously, reaching their highest angular amplitude at the same time and then
retracting together. For an anti-symmetric motion, the fins move with a phase delay of
half a cycle, i.e., one fin extends while the opposite side fin is retracting. The angle of the
right and left fins are θR(t) = β/2(sin (2π f t) + 1) and θL(t) = β/2(sin (2π f t − ϕ) + 1),
respectively, where f is the fin frequency (Hz), β is the maximum fin amplitude measured
from the side of the body, and the phase synchrony is ϕ = π for a symmetric motion
or ϕ = 0 for an anti-symmetric motion. The reduced frequency is defined as k = f c/U,
and the Strouhal number is St = f A/U, where A = c sin β is the projected frontal area of
the fin measured at the peak amplitude of the fin in the cross-stream direction as indicated
in Figure 1c. A constant flow speed U = 0.2 m/s with standard deviation of 3.5% of the
mean is imposed throughout this study, with the Reynolds number based on the body
length ReL = 60 × 103 and a chord-based Reynolds Rec = 7.6 × 103.

A quasi-steady fin regime is also measured for comparison to the unsteady, flapping
case defined above. In the quasi-steady regime, the fin moves slowly from its retracted
position θ0 = 0◦ to a maximum angle θmax = 100◦, and then back to θ = 0◦ at a constant
rate of π/90(rad/s) = 2(◦/s), yielding a reduced frequency k = 0.002. At such a low
frequency, any unsteadiness due to the fin motion is negligible, and the forces measured
against the fin angle are treated as quasi-steady.

The non-dimensional forces and ẑ-moment measured at point P = (0.465 L, 0) of the
vehicle are defined as

CFx =
Fx

qdync
, CFy =

Fy

qdync
and CMz =

Mz

qdync2 , (1)
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respectively, where Fx and Fy are the forces in the streamwise and cross-stream directions,
respectively, Mz is the moment, qdyn = 0.5ρU2 is the dynamic pressure based on the
freestream speed U, and c is the fin cord-length. For two fins flapping simultaneously,
Fx = FR

x + FL
x , Fy = FR

y + FL
y and Mz = MR

z + ML
z are the net forces experienced by the body

produced by the pair for a symmetric or anti-symmetric motion where the superscripts ()R

and ()L denote the right- and left-side fins, respectively. The reported coefficients for forces
and moment are averaged over three trials, each calculated from a minimum of 20 measured
flapping cycles. The standard error, SE = σ/

√
N, is computed for all measurements, where

σ is the sample standard deviation and N is the number of trials. It is visualized as shaded
regions whenever it exceeds the symbol size. If no shaded region is visible, the standard
error SE is smaller than the plotted symbols. Plots of the phase-averaged signals were
constructed using a low-pass, 4th order Butterworth filter with cut-off frequency fc = 4 f f in

and down-sampled for easier visualization of the data, showing every 30th point of the
resulting phase-averaged signal. No experimental trials were selectively removed from
the dataset in order to influence the resulting scaling reported in the manuscript. As
depicted in Figure 1a,b, the streamwise x̂-axis is positive in the direction and sense of the
free stream, thereby defining drag as a positive streamwise force (towards the rear of the
model). Conversely, thrust is a negative streamwise force.

3. Results
3.1. Characterization of Fin Forces and z-Moment

The streamwise and lateral forces produced by a single fin flapping are measured
for a vehicle subject to an oncoming flow U = 0.2 m/s for a fixed flapping frequency
f = 0.75 Hz, reduced frequency k = 0.15, and varying amplitudes β = [30◦, 40◦, 60◦] and
associated Strouhal numbers St = [0.07, 0.09, 0.13]. These parameters are similar to what
is observed in real fish. As an example, the Scarus quoyi typically oscillates its pectoral
fins at reduced frequencies 0.2 < k < 0.6 and Strouhal numbers 0.05 < St < 0.12 [51].
The phase-averaged, streamwise force coefficient CFx produced by a single flapping fin is
shown in Figure 2a. A positive streamwise force CFx > 0 denotes drag, whereas a negative
streamwise force CFx < 0 denotes thrust. A positive force CFx > 0 is measured for all
Strouhal cases during the interval 0.25 < t/T < 0.75, for which the instantaneous angle of
the fin θ is large. The peak in the force magnitude increases monotonically with Strouhal.
During the downstroke motion, a small thrust force is produced by the highest Strouhal
case only. This is associated with flow ejected from the region between the fin and the
side wall of the vehicle [46,52,53], imparting downstream momentum to the fluid, which
produces a force with an upstream component and which is responsible for the thrust force
observed at the end of the downstroke motion.

Figures 2b and 2c show the measured streamwise force from the simultaneous flap-
ping of two fins for symmetric and anti-symmetric synchronization, respectively. For a
symmetric motion with ϕ = π, the up- and downstroke of both fins coincide, leading to
the phase-averaged drag force profile to be equal to that of a single fin, but twice as strong.
For an anti-symmetric motion ϕ = 0, on the other hand, lower variations in the force are
observed when compared to the symmetric motion case as shown in Figure 2c, as the peaks
from each fin do not overlap since when one fin is fully open the opposite-side fin is fully
retracted and produces close to zero force.

The phase-averaged lateral force produced by the right-side fin is shown in Figure 3a.
A negative time-averaged lateral force is observed for all Strouhal numbers, i.e., the force
points in the direction opposite to the side on which the flapping fin is located. Increasing
the Strouhal number leads to higher amplitude oscillations of the lateral force over one
flapping cycle, similarly to what is observed for the streamwise force. Figures 3b and 3c
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show the streamwise force for two fins flapping with symmetric (ϕ = π) and anti-symmetric
(ϕ = 0) motion, respectively. For both synchronies, the time-average lateral force is
effectively zero, and the instantaneous forces are suppressed throughout the entire flapping
cycle for the symmetric motion due to phase cancellation of the left- and right-side fins.
Looking at the streamwise (drag) and cross-stream (lift) force profiles for a single flapping
fin in Figures 2a and 3a, respectively, it can be observed that, for all three Strouhal numbers,
the peak in the time-averaged drag magnitude coincides with the minimum in the lift force.

Figure 2. Phase-averaged, streamwise forces produced by (a) a single fin and (b,c) two fins flapping
with phase synchronization ϕ = π and ϕ = 0, respectively. Fin amplitudes [30◦, 40◦, 60◦] and
frequency are fixed at f = 0.75 Hz and k = 0.15. The shaded region indicates the standard error
interval for a total of three measurements. The gray dashed line shows the fin angle over one cycle
θ/β as indicated by the vertical axis on the right-hand side. Positive values correspond to drag, while
negative values correspond to thrust.

Figure 3. Phase-averaged, cross-stream forces produced by (a) a single fin and (b,c) two fins flapping
with phase synchronization ϕ = π and ϕ = 0, respectively. Fin amplitudes β = [30◦, 40◦, 60◦] and
frequency are fixed at f = 0.75 Hz and k = 0.15. The shaded region indicates the standard error
interval (SE) for a total of three measurements. The gray dashed line indicates the fin angle over one
cycle θ/β as indicated by the vertical axis on the right-hand side.

The force data shows how the fin generates forces in the horizontal x − y plane, and si-
multaneous flapping of two fins can be leveraged to amplify or suppress the streamwise
and cross-stream components of the forces. The symmetric motion ϕ = π, for example,
effectively eliminates the lateral forces while preserving the profile of the phase-averaged
streamwise force generation. It can thus be employed for fast deceleration of the vehi-
cle, for example, without compromising its attitude relative to the swimming direction.
An anti-symmetric motion, on the other hand, decreases the intra-cycle fluctuations of the
streamwise force component while retaining the oscillatory behavior of the lateral force
observed for a single fin. Since the fins are each located at one side of the vehicle, the flow
structures produced by each fin do not interact among themselves, and their hydrodynamic
forces are independent from one another. For symmetric fin motion, the streamwise forces
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produced by the right and left side fins are the same FR
x (t/T) = FL

x (t/T), while the lateral
forces have opposite signs FR

y (t/T) = −FL
y (t/T).

Figure 4a shows the measured moment coefficient for a single fin. Positive (clockwise)
moments with peaks at instant t/T ≈ 0.56 are observed for all three frequencies. For the
cases with St = 0.09 and 0.07, the moment force starts from zero, monotonically increasing
until reaching its peak and then returning to zero at the end of the flapping cycle. For the
higher amplitude case (square markers) on the other hand, the moment does not return to
zero at the end of each cycle, achieving a minimum value of about 0.8, which is almost as
high as the peak moment produced by the lower Strouhal cases (circle and triangle markers),
and thus distinctly different. Figures 4b and 4c show the ẑ−moment for symmetric and
anti-symmetric motion, respectively. The moment signal profile is suppressed throughout
the entire flapping cycle for a symmetric motion, whereas the anti-symmetric case shows
a similar behavior to the lift for the same synchronization. These results suggest that the
main component that contributes to the ẑ−moment is the cross-stream (lift) component,
and not the streamwise (drag) component of the force.

Figure 4. Phase-averaged ẑ−moment produced by (a) a single fin and (b,c) two fins flapping with
phase synchronization ϕ = π and ϕ = 0, respectively. Amplitudes β = [30◦, 40◦, 60◦] and frequency
f = 0.75 Hz and k = 0.15. The shaded region indicates the standard error interval (SE) for a total of
three measurements. The gray dashed line indicates the fin angle over one cycle θ/β as indicated by
the vertical axis on the right-hand side of figure (a).

The measured standard error for the cross-stream force (Figure 3) and the ẑ-moment
(Figure 4) signals is significantly larger than that of the streamwise force (Figure 2). We
attribute this discrepancy to structural vibrations of the experimental apparatus. The stream-
lined profile of the vehicle leads to a small displacement of fluid in the streamwise direction
in response to the oscillatory forces produced by the flapping fins. Conversely, the large
projected area of the vehicle in the vertical x̂ − ẑ plane displaces a large volume of fluid,
resulting in a large added mass force [54] that is captured by the force and torque trans-
ducer. That said, the structural oscillations occur at frequencies sufficiently higher than the
commanded flapping fin frequencies. As a consequence, we are able to extract the most
salient features of the fin forces and moment by evaluating the phase-averaged signals.
A detailed evaluation of sample raw signals and their frequency content is reported in
Appendix A.

3.2. Scaling of the Streamwise and Cross-Stream Forces

Experiments with a single flapping fin are performed for a range of frequencies
f = [0.5, 0.6, . . . , 1.2] Hz and amplitudes β = [20◦, 30◦, 40◦, 50◦] at fixed free-stream speed
U = 0.20 m/s and chord-based Reynolds number Rec = 7.6 × 103.

The time-average, streamwise forces CFx are presented in Figures 5a and 5b as a
function of reduced frequency k = f c/U and amplitude A∗ = sin β, respectively. To first
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order, the streamwise (drag) force is insensitive to changes in the frequency k (Figure 5a),
with a slight decrease in the force magnitude observed for the two highest amplitudes
β = 40◦ (green squares) and 50◦ (blue circles). The streamwise force is much more sensitive
to the flapping amplitude A∗ = sin β. Figure 5b shows a large variation in the force
coefficient for the amplitudes tested, going from an average CFx = 0.19 for β = 20◦

(red diamonds) to CFx = 0.65 for the highest amplitude β = 50◦. The plot shows an
approximately linear relationship between the streamwise (drag) force coefficient and the
projected frontal area A∗ = sin β.

Figure 5. Time-average forces produced by a single flapping fin for a stationary vehicle for input
parameters f = [0.5, 0.6, ..., 1.2] Hz and β = [20◦, 30◦, 40◦, 50◦]. (a) Streamwise (drag) force coefficient
vs. reduced frequency k = f c/U for different amplitudes β. The force is primarily a function of the
pitching amplitude, with a weak dependence on the frequency. (b) Streamwise (drag) force coefficient
vs. non-dimensional amplitude A∗ = sin β. The streamwise (drag) force is approximately a linear
function of amplitude, with minor variations for the range of frequencies tested. (c) Cross-stream
(lateral) force vs. reduced frequency k for different amplitudes β. (d) Cross-stream (lateral) force vs.
non-dimensional amplitude A∗.

The streamwise force coefficient CFx presented in Figure 5b can be discussed in light
of the forces measured for a quasi-steady case, for which the fin is slowly moved from
its retracted position θ0 = 0◦ to a maximum angle θmax = 100◦, and then back to θ = 0◦.
Due to the extremely small reduced frequency of the experiment k = 0.02, the unsteady
effects from the fin motion are negligible. Figure 6a presents the quasi-steady, streamwise
force data as a function of A∗ = sin θ. The green line shows the force for an increasing fin
angle up to θmax, whereas the orange line indicates the measured force for a decreasing
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fin angle. The quasi-steady, streamwise (drag) force is a linear function of A∗, except for
the region 0 ≤ A∗ < 0.4, when the fin is moving away from the body starting from the
retracted position θ0 = 0◦. This linear behavior indicates that the streamwise force can
be interpreted as a pressure-based drag, typically observed for bluff bodies at sufficiently
high Reynolds numbers [55]. It is important to note that the definition of A∗ = sin θ

for the quasi-steady case represents the instantaneous, projected length of the fin in the
cross-stream direction, whereas for the flapping fin case A∗ is defined by the maximum fin
amplitude β as the fin angle varies 0 ≤ θ ≤ β throughout the flapping cycle. For that reason,
different values of the streamwise force coefficient are expected between the two cases,
and neither of the two datasets are universal definitions of the fin’s drag coefficient since
they represent two different regimes —the unsteady flapping case of Figure 5b and the
quasi-steady case of Figure 6. That said, what can be inferred from both cases is that, to first
order, the streamwise force is proportional to the projected frontal length (or area) of the
fin, and is largely insensitive to the flapping frequency for the unsteady case within the
range of reduced frequencies and Strouhal numbers studied here.

Figure 6b presents the cross-stream force coefficient CFy vs. A∗ for the quasi-steady case.
During the upstroke, as the fin angle increases from θ0 = 0 (green line), the cross-stream
force increases abruptly at A∗ = 0.4 (or θ = 24◦), then increases monotonically afterwards.
During the downstroke (orange line), however, the force decreases monotonically for
the entire range from θmax to θ0. This hysteretic behavior is attributed to the shear layer
produced at the fin’s leading edge, which, during the upstroke motion starting from θ0,
stays continuously attached to the fin and the aft portion of vehicle, only “breaking up” at
sufficiently high angles of attack. Once this attached shear layer breaks down, a pronounced
vortex shedding occurs at the fin’s trailing edge, and the flow is only able to reattach to the
aft portion of the body when the fin is fully retracted again. This non-linear flow behavior
explains the dramatic differences in the lateral force production between the upstroke
(green line) and downstroke (orange line). A detailed description of this phenomenon,
along with flow field visualizations, is found on [46].

Figure 6. Average forces produced by a quasi-steady fin during an upstroke motion (green line)
starting from a retracted position θ0 = 0◦ to the maximum angle θmax = 100◦, and a downstroke
motion (orange line) back to θ = 0◦. (a): Streamwise (drag) force vs. amplitude A∗ = sin θ. CFx is
a linear function of A∗, except at low amplitudes for an upstroke motion (green line). (b): Cross-
stream force CFx vs. amplitude A∗. Large hysteresis in the lateral force is caused by non-linear
flow attachment during the initial phase of the upstroke motion compared to a fully detached flow
during the downstroke. (c) CFy vs. CFx for the quasi-steady fin (lines) compared to the time-averaged
coefficients for a flapping fin (markers). The flapping fin forces seem bounded by the quasi-steady
curve, and the lateral to streamwise force ratio increases with the flapping frequency k = f c/U.
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Figure 6c shows the coefficients of cross-stream force vs. streamwise force for both
the quasi-steady case (solid lines) and the flapping case (markers). For any given value
of streamwise (drag) force CFx , the plot clearly shows that the lateral force CFy is always
larger for the downstroke (orange line) than for the upstroke (green line). This indicates
that the flow structures along the fin and body dramatically affect the forces produced
by the fin, and the CFy /CFx ratio seems to be higher for the fully detached flow observed
by [45,46] during the downstroke (orange line). The forces from a flapping fin are also
plotted on Figure 6 for comparison (markers). The plot shows how both forces increase
with larger flapping amplitudes β, as previously seen on Figure 5, and also helps visualize
that higher flapping frequencies lead to an increase in the CFy /CFx ratio. Interestingly, all
flapping cases are bounded by the two lines produced by the quasi-steady fin, suggesting
that the maximum achievable CFy /CFx ratio occurs for a static fin when the flow field is
fully detached downstream of the fin’s trailing edge.

The time-averaged lateral force produced by a single flapping fin varies with the
flapping frequency and amplitude. Figure 7 shows the cross-stream force coefficient
divided by the projected cross-stream length CFy/A∗ as a function of the Strouhal number
in a log–log plot as colored symbols.

Figure 7. Lateral force coefficient divided by the projected cross-stream length CFy/A∗ as a function
of Strouhal number St. Data points are shown as colored symbols, and lines indicate power laws
of the type Stα. black line. The shaded areas represent the 95% confidence intervals for each linear
regression. For the lower Strouhal range St < 0.08, α = 0.79, and for the higher Strouhal range,
α = 0.38, as indicated by the labels next to the lines.

Since the Strouhal number St, reduced frequency k and non-dimensional amplitude
A∗ have been shown to be key parameters for scaling laws of thrust-producing oscillating
plates and foils [38,56], including for foils near a solid boundary [57], we use those same
quantities as the building blocks for a data-driven scaling law. The data indicates that the
lateral force follows not one, but two power laws of the form CFy/A∗ ∝ Stα, where the value
of the exponent α depends on the range of Strouhal number of the flapping fin. The transi-
tion in the lateral force scaling from one regime to another occurs at the crossover Strouhal
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number Stc = 0.08, indicated by the thin vertical dashed line. For St < Stc, the data
scales with α1 = 0.79 as indicated by the solid black line. For St > Stc, the data scales with
α2 ≈ α1/2 = 0.38 as indicated by the dashed black line. The shaded areas represent the 95%
confidence intervals for each linear regression. In order to determine Stc and the two pro-
posed power laws, the corrected Akaike information criterion (AICc) for small samples [58]
was combined with iterative piecewise linear regression computations. First, the dataset
was sorted in ascending order based on the independent variable, St. Every data point was
then evaluated as a potential critical threshold, Stc. At each iteration, the data was split into
two subsets: one containing values below and the other containing values above the trial
threshold. Linear regressions were then fitted to both subsets, and the Akaike Information
Criterion was calculated for each candidate piecewise regression against a single linear
regression of the entire dataset. After testing every possible split point across the dataset,
the final critical threshold, Stc, and its corresponding piecewise model was selected from
the configuration that yielded the lowest AIC score, representing the optimal goodness-of-
fit regression. A Bayesian information criterion (BIC) [59] test was also performed on the
optimal piecewise regression, resulting in a Bayes factor 2 ln B10 ≈ ∆BIC = 24.4, which is
substantially higher then the 2 ln B10 > 10 threshold proposed by [59], and provides very
strong evidence in favor of the obtained piecewise regression. Finally, The 95% confidence
intervals for the two linear regressions were computed via bootstrap resampling [60] with
1000 resamples.

The proposed scaling can also be defined in terms of the flapping frequency and
amplitude as

CFy ∝ A∗Stα (2)

CFy ∝ (sin β)1+α kα (3)

Equations (2) and (3) are each comprised of two non-dimensional terms. The first term
is a characteristic length, expressed as A∗ in Equation (2), and sin β in Equation (3). It can
be interpreted as the projected frontal area of the fin at its maximum angle. The second
term in Equation (2) is the Strouhal number St = f A/U, which is the ratio between two
velocities: f A is a reference velocity of the fin’s trailing edge in the cross-stream direction,
and U is the reference velocity in the streamwise direction. In Equation (3), the second term
is the reduced frequency k = f c/U, which is a ratio between two time scales: 1/ f is the
period of the fin’s oscillation, and c/U is the time it takes for a fluid particle to traverse a
distance of one chord-length at the reference velocity U.

While the proposed scaling defined by Equations (2) and (3) collapses the data well
(see Figure 7), it is worth noting that it is not derived from first principles, but rather
through a physics-inspired data-driven procedure. That said, the scaling for the streamwise
forces (see Figure 5b) and cross-stream forces (see Figure 7 and Equations (2) and (3))
are capable of predicting the fin forces as a function of its kinematics within the range of
parameters tested, and have a practical application in the design and control of bio-inspired,
rigid control surfaces flapping around their leading edge of underwater vehicles operating
at Reynolds numbers of the same order of magnitude. The piecewise scaling law obtained
for CFy indicates a change in the flapping fin regime, which we hypothesize is due to
qualitative changes in the characteristics of the flow field and vortex dynamics shed at the
fin’s trailing edge [45]. Further flow visualization experimental data should help clarify the
two regimes observed in the lateral force data described in Figure 7.

https://doi.org/10.3390/biomimetics11070447

https://doi.org/10.3390/biomimetics11070447


Biomimetics 2026, 11, 447 12 of 18

3.3. Lateral Maneuvering

Next, we demonstrate how the pectoral fins are used to maneuver the “fish” in a
bio-inspired manner.

The cyber–physical system on which the test article is mounted allows the vehicle to
translate in the cross-stream direction in response to the lateral forces generated by the fins,
while maintaining the streamwise alignment, i.e., at a zero yaw angle.

In this demonstration, we operate the two fins in a Left–Right–Left–Right sequence,
as shown in Figure 8a, which shows the angular position of the flapping fins as a function of
time. Figure 8b shows the resulting position of the vehicle as a function of time. The cross-
stream position of the vehicle is non-dimensionalized by its total length L. Virtual walls
(black lines) are imposed by software to maintain the vehicle at a minimum distance of Y/L
of the water channel walls, thus avoiding any near-boundary effects with the test facility.

Figure 8. Lateral maneuvering of the vehicle in response to lateral forces produced by two flapping
fins using the cyber–physical system. (a) Angle θ/β of the left (red) and right (green) fins as a function
of time t/T. Flapping frequency f = 1.25 Hz and amplitude β = 45◦. (b) Lateral position of the
vehicle in time.

Initially at rest at t/T = 0, the left fin (red line) starts flapping at t1, generating
an increasingly positive force Ff > 0. At t/T = t2 the fin achieves its total prescribed
flapping amplitude and the vehicle’s velocity increases quickly. From t2 to t3, the vehicle
moves in the +y-direction, briefly achieving its terminal velocity veq a few flapping cycles
before instant t3. At the terminal velocity, the vehicle’s acceleration is zero and the net
fluid force Ff ≈ 0 since the total cross-stream force produced by the fin is balanced by
opposing hydrodynamic forces due to its lateral velocity veq/U = 0.064 ± 0.009. At t3,
the carriage is forced to stop abruptly at the virtual wall (black thick line in Figure 8b).
From t3 to t4, the left fin (red line, Figure 8a) is slowly retracted while the right fin (green
line) starts flapping with increasing amplitude. At t4, the fluid force becomes negative
Ff < 0 and the vehicle starts moving in the −y-direction. From t4 to t5, the vehicle’s
lateral speed increases. From t5 to t6 the vehicle travels at a roughly constant speed veq,
as indicated by the straight line segment within those instants in Figure 8b. At instant
t6 the left fin is commanded to flap again, decelerating the vehicle until it stops (without
hitting the virtual wall). The vehicle then accelerates in the +y-direction as the right fin
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(green line) is ramped down. From t7 to t8 only the left fin is flapping, and the vehicle
travels at its terminal velocity again. The vehicle is allowed to hit the virtual wall at t8.
From t8 to t9 the right fin (green line) is commanded while the left fin (red line) is retracted.
Once the net fluid force acting on the vehicle becomes negative (Ff < 0) at t9, the vehicle
accelerates in the −y-direction. The right fin is slowly retracted once more, and at t10 the fin
flapping amplitude is too small to overcome the hydrodynamic forces due to the vehicle’s
instantaneous lateral velocity and the vehicle starts to decelerate. Starting at t10, as the
right fin (green line) retracts the vehicle decelerates further due to the hydrodynamic force
caused by its lateral velocity. At t11 the fins are fully retracted and the vehicle’s velocity
and acceleration are very small. At that point, Ff ≈ 0 and v ≈ 0, i.e, the vehicle maintains a
constant position until the end of the experiment.

4. Discussion and Conclusions
In this study, flapping plates attached to the sides of an underwater vehicle are used

as bio-inspired control surfaces. The forces produced by the fins were characterized as
a function of its kinematics for a single fin and for the simultaneous flapping of both
fins with symmetric and anti-symmetric synchronizations. A symmetric motion shows
an almost perfect suppression of the instantaneous lateral force and ẑ-moment due to
phase cancellation, while the instantaneous streamwise force production for two fins is
just twice that of a single fin. A symmetric motion is thus suitable for fast deceleration
maneuvers in the streamwise direction without disturbances in the lateral direction or yaw
angle of a vehicle. Conversely, non-symmetric motions produce non-zero lateral forces and
ẑ-moments within one flapping cycle. These forces and moment may be exploited for fine
control of a vehicle’s yaw angle, as well as to suppress transient flow disturbances that can
disturb the vehicle’s orientation relative to its traveling direction.

We find that the streamwise and cross-stream forces produced by the flapping fins are
strongly dependent on the flapping amplitude and frequency. For all cases studied, the net
streamwise force is opposite to the vehicle’s forward motion, i.e., it is a drag or braking
force. The streamwise force is, to first order, a linear function of the projected frontal
area of the flapping amplitude A∗ = sin β, being generally insensitive to the flapping
frequency. This linear relationship between the streamwise force and the amplitude A∗

is also observed for a quasi-steady fin. These two results support our hypothesis that the
streamwise force produced by the fin can be interpreted as a pressure-based drag acting on
a bluff body at high Reynolds number. For high flapping amplitudes and Strouhal numbers,
a small instantaneous thrust production is observed during the final portion of the flapping
cycle. Future studies may be able to reduce the time-average drag force produced by
the flapping plate through the use of non-sinusoidal, asymmetric flapping kinematics,
for example. Our data shows that the cross-stream forces scale with the amplitude A∗ and
also with the Strouhal number St, unlike the streamwise forces that scale primarily with
A∗ alone. We propose a piecewise scaling model for the cross-stream force that collapses
the data very well over the entire range of parameters measured, indicating a regime
change that is a function of the Strouhal number, with a critical threshold around Stc = 0.08
that qualitatively changes the power scaling coefficient to vary between below and above
this threshold. We hypothesize that this deviation occurs due to the non-linear unsteady
behavior of the flow over the fin at low angles. For sufficiently low fin angles during the
upstroke phase of the motion, Ref. [46] showed that the flow remains attached to the fin
and to the lateral of the vehicle instead of producing vortices at the fin’s trailing edge. This
non-linearity greatly affects the quasi-steady cross-stream forces in the quasi-steady case,
and likely also creates the two regimes observed for the lowest Strouhal compared to the
higher Strouhal cases.
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Finally, we demonstrate how the flapping fins can be used to maneuver an underwater
vehicle of large inertial mass using a closed-loop control cyber–physical system. Tests
allowed the vehicle subject to an oncoming flow to maneuver in the lateral direction
in response to the cross-stream forces produced by the flapping fins. The vehicle was
constrained on all other degrees of freedom, providing an assessment of the cross-stream
forces produced by the fins decoupled from other dynamic behaviors expected from a fully
unconstrained vehicle or robot. The use of simultaneous flapping of the two fins located on
opposite sides of the vehicle’s main body allows for a fine control of its lateral position.

In this study, the streamwise and cross-stream forces produced by a flapping fin were
characterized for a stationary vehicle only. The scaling of the cross-stream forces as a
function of the Strouhal number and frequency of the flapping fin is based on tests at
a single flow speed throughout this study. For Reynolds numbers at different orders of
magnitude, the dynamics of flow around the fins may change, thus leading to a different
scaling of the fin force production. Also, the current experimental setup is not capable
of power measurements. For that reason, it was not possible to quantify any of these
metrics associated with energy expenditure and efficiency. Additional studies of bio-
inspired flapping fins with higher-complexity geometries, multiple degrees-of-freedom
and flexibilities will be required to test the current force scaling on other control surface
designs found in the literature. Future investigations addressing the impact of the lateral
velocity on the force production should help the development of vehicle control strategies,
predicting its dynamical behavior based on the velocity and acceleration of the vehicle,
and the fin kinematics. Additionally, allowing the vehicle to move in the streamwise and
yaw degrees of freedom will provide a complete picture of the capabilities of the flapping
plates as bio-inspired control surfaces for underwater vehicles and robots, introducing new
challenges to the control strategies required to maneuver a vehicle that is free to move in
all six degrees-of-freedom.
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Appendix A
Sample raw signals and phase-averaged signals of the force coefficients and z-moment

produced by a single flapping fin are presented in Figure A1. The data shown was extracted
from a single experimental trial comprised of a total of 20 cycles for three different frequen-
cies and peak to peak amplitude β = 50◦. Figures A1a, A1b and A1c present the raw data
(grey line) and unfiltered phase-averaged signal (blue line) for flapping frequencies f = 0.5,
0.7 and 1.1 Hz, respectively. It can be observed that, despite the presence of high-frequency
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noise on all plots, the main features of the signals observed on Figures 2a, 3a and 4a are
also found for the phase-averaged data. Figure A2 shows the power spectrum density of
the raw signals collected from a single fin flapping with frequencies f = [0.5, 0.7, 0.9, 1.2]
Hz. The spectra are normalized by their maximum amplitude of the flapping frequency
f / f f in = 1, and computed for (a) the streamwise force coefficient CFx, (b) cross-stream
force coefficient CFy and (c) z-moment coefficient CMz. It can be observed that, for all cases,
the dominant peak of the PSD occurs at the flapping frequency, with subsequently lower
amplitude peaks occurring at multiples of f f in, indicating that, despite the high-frequency
noise observed on the raw data (see Figure A1), any extraneous vibrations due to the exper-
imental apparatus occur at frequencies higher than the hydrodynamic forces experienced
by the vehicle.

(a)

(b)

(c)

Figure A1. Sample signals of the raw (grey lines) and phase-averaged (blue lines) signals for the
streamwise force coefficient CFx, cross-stream force coefficient CFy and z-Moment coefficient CMz for
flapping frequencies (a) f = 0.5 Hz, (b) f = 0.7 Hz and (c) f = 1.1 Hz.
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(a) (b) (c)

Figure A2. Power spectral density plots of the (a) streamwise force coefficient CFx, (b) cross-stream
force coefficient CFy and (c) z-Moment coefficient CMz from the raw measurements of a single fin
flapping with amplitude β = 50◦ and frequencies f = [0.5, 0.7, 0.9, 1.2] Hz.
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