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Abstract— We present a new type of flexible propulsor for
autonomous underwater vehicles (AUVs), whose design was in-
spired by biological observation but also includes elements from
classical marine hydrodynamics. The interest in bioinspired
AUVs with compliant thrusters that can take advantage of
fluid-structure interaction phenomena has significantly grown
in recent years because many swimming animals still outmatch
their human-made counterparts in terms of agility, efficiency,
controlled maneuverability, and even in some cases, speed. Most
researchers working on bioinspired fluid locomotion believe that
systems with flexible thrusters can potentially outperform rigid
platforms. The design of the thruster proposed here draws from
mobuliform swimming, characterized by the flapping motion of
wing-like pectoral fins, but also from traditional hydrodynamic
apparatuses that use rigid cambered surfaces to augment thrust
production in comparison with flat and symmetric surfaces.
Specifically, the fin of the proposed thruster was conceived
to oscillate at similar frequencies as those reported for some
large batoid fishes (ranging from 0.4Hz to 1.0Hz) and have
a large planform area relative to the size of the AUVs to be
propelled. Additionally, the fin, with a rectangular area and
the very low aspect ratio of 0.7, is allowed to pitch using
a passive rotation mechanism, and its flexible membrane is
allowed to undulate due to the reactive hydrodynamic forces
acting on its structure. By leveraging its ability to undulate and
constraining two of its borders, the flexible membrane of the
fin is forced to adopt cambered shapes, which are favorable
for thrust production, during different phases of a flapping
cycle. Experimental results obtained using a grounded setup
demonstrate the suitability of the presented approach. Further-
more, a preliminary analysis of the experimental data indicates
that, for experimentally-identified optimal flapping conditions,
the proposed propulsor is endowed with superior dynamic
characteristics in terms of the output-thrust-to-input-power
ratio relative to that of a rigid benchmark thruster.

Index Terms— Bioinspired Propulsion, Flapping Fin, Oscil-
latory Thrust, Fluid-Structure Interaction.

I. INTRODUCTION

Recently, bioinspired aquatic propulsion has received
significant attention from researchers working on devel-
oping autonomous underwater vehicles (AUVs) because
the agility, efficiency, and controlled maneuverability ex-
hibited by many swimming animals have not yet been
matched by human-made systems propelled by conventional
methods [1], [2]. A wide variety of swimming modes exist
in nature and have been used as inspiration for designing
aquatic propulsors, including oscillation, undulation, pul-
sation, and sculling (drag-based propulsion) [3]. Here, we
propose a flapping-fin flexible thruster that combines an ac-
tive oscillation with passive pitching and passive undulation
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to N. O. Pérez-Arancibia.

The authors are with the School of Mechanical and Materi-
als Engineering, Washington State University (WSU), Pullman, WA,
USA (e-mail: n.perezarancibia@wsu.edu (N. O. Pérez-Arancibia);
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Fig. 1: Conceptual design of an autonomous underwater vehicle (AUV)
propelled by the proposed stingray-inspired propulsor.

resulting from the interaction of the flexible fin membrane
with the surrounding fluid. This design is loosely inspired
by the locomotion mechanism employed by large pelagic
stingrays (Pteroplatytrygon violacea), which is referred to as
mobuliform swimming and is characterized by the flapping
motion of the wing-like pectoral fins of the animals [4]–[6].
In this type of biological hydrodynamic-thrust production,
the oscillating fins are very large relative to the animal
body and exhibit moderate to high aspect ratios1 (ranging
from 2.67 to 3.78), thus resembling bird-wing flapping.
The inspiration to use mobuliform swimming as a model
for developing new propulsors stems from the biological
observation that some manta rays can swim in open water
for long distances at high speeds, achieving high power and
energy efficiency [4].

Ray-inspired propulsors have been developed in the
past [5]–[9]. For example, a recent robotic swimmer, the
0.428-meter-long MantaBot, was designed to mimic the
oscillation-based locomotion observed in some species of
myliobatiformes and thus study mobuliform propulsion [6].
The reported experimental swimming speed is 0.43m · s−1

at a flapping frequency of 1.1Hz and amplitude of about
0.4 bl (body lengths), which corresponds to a Strouhal num-
ber of 0.44, a value very similar to those estimated for
mobuliform rays. The design of the MantaBot combines an
active biomimetic tensegrity-based structure with a soft body
made of silicone, and a cownose ray (Rhinoptera bonasus)
was scanned using computational tomography to obtain a
replicable three-dimensional (3D) geometrical model of the
animal’s shape. In contrast, the thruster proposed in this
paper was not designed to mimic mobuliform propulsion
but to replicate some of its relevant characteristics, while
other features are the result of engineering design based
on hydrodynamic considerations. Specifically, we conceived
the fin of the propulsor to oscillate at similar frequencies
as those reported for large stingrays (ranging from 0.4Hz

1Here, we define the aspect ratio of a fin planform as A = s2f ·A−1
f ,

where sf and Af are the span and area of the planform, respectively.
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to 1.0Hz) and have a large planform area relative to the
size of the propelled vehicle (as depicted in the conceptual
design of Fig. 1). However, the fin of the thruster, with the
very low aspect ratio of about 0.7 and rectangular shape,
pitches passively and its flexible membrane undulates due to
the reactive hydrodynamic forces acting on the structure of
the system.

The fin-pitching mechanism of the proposed thruster re-
sembles the wing-hinge devices created to passively excite
the pitch degree of freedom (DOF) of the flapping wings
of insect-scale flying robots [10]–[14]. Also, we drew some
design elements from the experimental apparatuses described
in [15]–[17], used to simultaneously heave and pitch hydro-
foils. However, it should be noted that those systems actively
excite the pitch DOF of the tested hydrofoils and do not take
full advantage of fluid-structure interaction phenomena. The
reason for combining design ideas from multiple sources
is that our long-term objective is to develop a thruster
that simultaneously can reach high propulsive efficiency and
leverage fin-water interactions for actuation and control at
experimentally-tuned optimal operational conditions. It is im-
portant to reemphasize that in the approach introduced here,
not only the pitch DOF is excited passively; also, the flexible
membrane of the oscillating–pitching fin undulates according
to a superposition of several beam vibration modes. This
dynamical behavior is relevant and worth further study
because it has been reported that passively-excited undulation
is common in nature and may play an essential role in aquatic
and aerial animal locomotion [18], [19]. In particular, we
speculate that alternating positive and negative cambering
shapes of a flapping fin during a stroke cycle could have
advantages from the power and energy perspectives.

The rest of the paper is organized as follows. Sec-
tion II presents the design and functionality of the proposed
bioinspired propulsor. Section III describes the experimental
setup used to characterize the dynamic behavior of the
propulsor. Section IV presents and analyzes the main test
results. Section V discusses the relevance of the presented
research, considering that the obtained experimental data
are still preliminary and further work is necessary to reach
unquestionable conclusions. Last, Section VI states some
conclusions and discusses directions for future research.

Notation:
1) The symbols R and Z are used to denote the sets of

real and integer numbers, respectively.
2) Regular lowercase letters denote scalars, e.g., a; bold

lowercase letters denote vectors, e.g., p.
3) The variable t ∈ R is used to denote continuous time.
4) The variable k ∈ Z is used to index discrete-time

signals.
5) The constant Ts ∈ R is the sampling period used to

discretize continuous-time signals.
6) The symbol tk denotes discretized time according to

tk = k · Ts.
7) The dot operator is used to denote differentiation with

respect to time, e.g., α̇(t) = dα(t)
dt .

II. DESIGN OF THE PROPULSOR

An illustration of the proposed propulsor and the main
variables used to describe its kinematics are shown in
Fig. 2(a). Here, we define three frames of reference de-
termined by bases of three orthogonal unit vectors. These

are: (i) an inertial frame, N = {n1,n2,n3}, fixed to planet
Earth; (ii) a body-fixed frame, B = {b1, b2, b3}, with its
origin located at the center of mass of the AUV; and (iii) a
rotation-mechanism-fixed frame, P = {p1,p2,p3}, with
its origin located at the center of fin-rotation (flapping +
pitching). Note that P does not rotate jointly with the fin
but with the rotation mechanism drawn in dark gray. The
entire propulsion system is composed of three fundamen-
tal elements: (i) a servomotor that actively flaps the fin
of the thruster according to an oscillatory motion; (ii) the
already-mentioned rotation mechanism that oscillates about
the flapping axis, p1, and enables the passive pitching of
the fin, due to fluid-structure interaction, about the pitching
axis, p2; and (iii) the fin, which is composed of a flexible
membrane and a rectangular elastic frame. According to this
configuration, to fully describe the kinematics, and eventually
the dynamics, of the fin during operation, we need to describe
the movement of B relative to N ; then, the movement of P
relative to B; and, finally, the movement of the fin’s leading
edge relative to P . This objective can be achieved using ho-
mogeneous transformations or quaternions [20]–[22]. How-
ever, we omit the specifics because these are unnecessary in
the rest of the paper.

In the proposed design, the only actuator of the thruster
is the electric waterproof HiTEC D646WP servomotor that
flaps the fin. This device can produce a maximum torque of
about 1.27N·m, and its shaft’s angular position is nominally
controllable using internal electromechanical components for
feedback. The rotation mechanism is made of polylactic
acid (PLA) 3D-printed material, has the geometrical dimen-
sions indicated in Fig. 2(b), weighs 28.5 g, and enables the
thruster’s fin to pitch with a maximum amplitude of 30◦.
The flexible membrane of the fin is made of low-density
polyethylene (LDPE) material, weighs 33.5 g, and its geo-
metrical dimensions after installation, as shown in Fig. 2(b),
are 99mm (height) × 152mm (width) × 1.6mm (thickness).
The elastic rectangular frame, with a total weight of 13.6 g,
is composed of two thin metallic elastic beams (upper and
lower edges in Fig. 2(b)) and two 3D-printed PLA plastic
rods (left and right edges in Fig. 2(b)). Each elastic beam is
simply a piece of steel wire with a length of about 155mm
and a diameter of 1mm; the leading-edge and trailing-edge
rods have lengths of 108mm, and diameters of 10mm and
8mm, respectively. The membrane is connected to the frame
at two of its edges through rolling cylinders made from
0.1-mm-thick polyethylene film using cyanoacrylate (CA)
super glue. Thus, we can think of this membrane as a
double-connected beam that can pivot at both extremes.
Also, its width (152mm, as shown in Fig. 2(b)) is longer
than the internal distance between the two plastic rods to
facilitate significant dynamic variations, such as the direction
of its camber’s convexity, during each flapping cycle. These
induced deformations are also facilitated by the elasticity
of the side steel beams of the fin’s frame, which flex
considerably during operation, as seen in the photographic
sequence presented in Section IV.

Consistent with the geometrical configuration graphically
defined in Figs. 2(a) and (b), we refer to the rod con-
nected to the pitching mechanism as the leading-edge rod
and the distal rod as the trailing-edge rod because of
the direction of the local incident flow due to the fin’s
motion (see Figs. 2(c) and (d)). The side metallic beams
of the rectangular frame can deform significantly during
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Fig. 2: Illustration of the propulsor, functionality, and frames of reference. (a) Main design elements and functional variables of the flapping-fin thruster.
We describe the kinematics and functionality of the propulsor using three frames of reference: (i) an inertial frame, N = {n1,n2,n3}, fixed to planet
Earth; (ii) a body-fixed frame, B = {b1, b2, b3}, with its origin located at the center of mass of the AUV; and (iii) a rotation-mechanism-fixed frame,
P = {p1,p2,p3}, with its origin located at the center of fin-rotation (flapping + pitching). Note that the frame P does not rotate jointly with the fin but
with the rotation mechanism drawn in dark gray. The thruster is composed of three main components: (i) a flapping motor that actively oscillates the fin of
the thruster about the flapping axis, p1; (ii) a rotation mechanism that enables the passive pitching of the fin, due to fluid-structure interaction, about the
pitching axis, p2; and (iii) the fin, which is composed of a flexible membrane and a rectangular elastic frame. The rectangular frame of the fin is composed
of two thin elastic beams (side edges), and two plastic rods (leading and trailing edges); the flexible membrane has a thickness of 1.6mm and is made of
low-density polyethylene (LDPE) material. The instantaneous flapping angle during operation is α(t) ∈ [αmin : αmax], for t ≥ 0, with 0 > αmin ∈ R and
0 < αmax ∈ R. The instantaneous pitching angle during operation is β(t) ∈ [βmin : βmax], for t ≥ 0, with 0 > βmin ∈ R and 0 < βmax ∈ R. By definition,
for both instantaneous angles, α(t) and β(t), signed rotations (positive or negative) about the respective axes, p1 and p2, follow the right-hand convention;
consistently with the definition of the frames B and P , the neutral position {α = 0◦, β = 0◦} occurs when p1 = b1, p2 = b2, and p3 = b3. Note that,
regardless of the orientations of B and P , p1 is always aligned with b1. (b) Geometrical dimensions of the pitching mechanism and fin that compose
the proposed aquatic propulsor. (c) Negative α-direction rotation. In this condition, the instantaneous value (0, positive, or negative) of the flapping angle,
α(t), decreases and, due to fluid-structure interaction, the instantaneous value (0, positive, or negative) of the pitching angle, β(t), increases or reaches
saturation. (d) Positive α-direction rotation. In this condition, the instantaneous value (0, positive, or negative) of the flapping angle, α(t), increases and,
due to fluid-structure interaction, the instantaneous value (0, positive, or negative) of the pitching angle, β(t), decreases or reaches saturation.

flapping because they are not attached to the membrane
of the fin. The pitching mechanism is simply a shaft
that protrudes from the leading-edge rod and passively
rotates constrained by the internal surface of a cylindri-
cal tube, as depicted in Fig. 2. As indicated using the
rotation-mechanism-fixed reference frame, P , in Fig. 2(a),
flapping is defined as the instantaneous rotation, α(t), about
the axis p1 and pitching as the instantaneous rotation, β(t),
about the axis p2, for t ≥ 0. Due to actuation constraints
and by design, α(t) ∈ [αmin : αmax], with 0 > αmin ∈ R and
0 < αmax ∈ R, and β(t) ∈ [βmin : βmax], with 0 > βmin ∈ R
and 0 < βmax ∈ R. Also, by definition, for both α(t) and
β(t), signed rotations (positive or negative) about their
respective axes, p1 and p2, satisfy the right-hand convention;
consistently with the definition of the frames B and P ,
the neutral position {α = 0◦, β = 0◦} occurs when p1 = b1,
p2 = b2, and p3 = b3. Note that, regardless of the orienta-
tions of B and P , p1 is always aligned with b1.

As discussed above, flapping is actively generated using
a servomotor, while pitching is passively caused by reac-
tive hydrodynamic forces acting on the fin structure and
enabled by the rotation mechanism depicted in Fig. 2(b).
The resulting pitching motion depends on the friction of

the rotation mechanism and, also, on the geometrical and
mechanical properties of both the flexible membrane and
the side elastic beams of the fin. A main intended char-
acteristic of this design is that the flexible membrane of
the fin is expected to adopt an approximately-convex shape
(undulation) during both the upward and downward strokes
due to its interaction with the surrounding fluid. However,
as explained in Section IV, higher beam-vibration modes are
also experimentally observed during operation. Based on
biological research that has studied the elastic deformations
experienced by insect wings during flapping flight [23]–[25],
including dynamic variations of the twist and camber of the
aerofoils, we speculate that fins that alternatingly deform to
adopt hydrodynamically-favorable convex shapes during the
upward and downward strokes could be more effective in
deflecting the fluid flow than rigid straight fins. This notion
is consistent with research on traditional rigid cambered hy-
drofoils reported in the marine hydrodynamics literature [26].

By design, the elastic frame of the fin enables the flexible
membrane to change its convexity orientation simultane-
ously with the direction of the pitching-angle variation, as
depicted in Figs. 2(c) and (d). As seen here, in agreement
with the physics of the situation and the right-hand con-
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Fig. 3: Photograph of the propulsor prototype used in the experiments
discussed in this paper, mounted on the experimental setup. The propulsor
is composed of three main components: (i) a servomotor (HiTEC D646WP)
that actively flaps the fin of the thruster; (ii) a passive rotation mechanism
that enables the pitching motion of the fin due to fluid-structure interaction
effects; and (iii) the fin, which is composed of a flexible membrane and
an elastic rectangular frame. In this case, to measure the instantaneous
thrust produced by the propulsor, we placed a 500-g TAL221 load cell
(straight bar, HT Sensor Technology) between the flapping system and
its supporting structure. Here, we define thrust as the component of the
generated hydrodynamic force that is perpendicular to the stroke plane of
the flapping motion.

Power Source Flexible
Membrane

Load Cell
Amplifier

Microcontroller

Servomotor

Load Cell

Power

Load Cell
Voltage Signal

Command Signal

Conditioned
Amplified Signal

Host Computer

Fig. 4: Illustration of the experimental setup with its main components
depicted in a signals-and-systems diagram. Here, the main components
are: (i) the tested thruster; (ii) a 500-g TAL221 load cell (straight bar,
HT Sensor Technology) used to measure instantaneous thrust; (iii) a signal
amplifier (SparkFun HX711) that conditions, amplifies, and digitalizes
the raw measurement generated by the load cell; (iv) a microcontroller
(ARM Cortex-M7, 600MHz), mounted on a Teensy 4.0 development board,
which generates the command flapping signals that drive the servomotor,
and interfaces between a host computer and the load cell amplifier; and
(v) a host computer used to interface with the microcontroller board and
record the experimental data.

vention, when the flapping rotation is negative (α̇(t) < 0),
the pitching rotation is positive (β̇(t) > 0), or saturates
(β̇(t) = 0 and β(t) = βmax), and the membrane deforms as
shown in Fig. 2(c); similarly, when the flapping rotation
is positive (α̇(t) > 0), the pitching rotation is negative
(β̇(t) < 0), or saturates (β̇(t) = 0 and β(t) = βmin), and the
membrane deforms as shown in Fig. 2(d). The rationale
behind this design choice is that, as illustrated in Fig. 2(d),

the local (relative to the fin) fluid flow deflected by the
vane-shaped surface of the fin’s membrane is expected to
produce a relatively large hydrodynamic force that is per-
pendicular to the stroke plane of flapping (thrust).

Specifically, we hypothesize that the proposed thruster
should exhibit three main dynamic properties:
(i) Compared to a rigid fin with similar geometrical charac-

teristics, the proposed flexible fin is expected to produce
a higher cycle-averaged thrust for the same amplitude
and frequency of sinusoidal flapping.

(ii) Compared to a rigid fin with similar geometrical char-
acteristics, the proposed flexible fin is expected to
draw less actuation power for the same amplitude and
frequency of sinusoidal flapping.

(iii) This third hypothesis connects hypotheses (i) and (ii).
Compared to a rigid fin with similar geometrical charac-
teristics, the proposed flexible fin is expected to exhibit
a larger ratio of the mean cycle-averaged thrust ( ¯̄fth
specified in Section IV) to the averaged actuation power
(p̄a specified in Section V).

Through the research presented in this paper, we tested
these three hypotheses experimentally, using a custom-made
setup that enabled us to measure the instantaneous thrust
produced by the proposed flexible fin, and a benchmark
rigid fin, during operation. These tests are only preliminary;
consequently, the experimental results presented here should
not be considered conclusive but just the starting point in a
long-term research program.

III. EXPERIMENTAL SETUP

A photograph of the propulsor prototype that we fab-
ricated to perform experimental tests is shown in Fig. 3.
This device was constructed with exactly the same charac-
teristics and parameters already specified in Section II and,
during the experiments, the fin was operated underwater
at the four predefined flapping test frequencies in the set
{0.4, 0.6, 0.8, 1.0} Hz. For each frequency, we used four
different amplitudes. To attenuate the effects of fluid-wall
interactions during the tests, we used a large volume of water
relative to the size of the thruster; precisely, a footprint with
an area of 1.15m×0.95m and a depth of 0.51m. In this case,
relative to the orientation of the photo in Fig. 3, the direction
of positive thrust is toward the left, and a 500-g TAL221
load cell (straight bar, HT Sensor Technology) was placed
between the flapping mechanism and its rigid supporting
structure to measure the generated instantaneous thrust. This
load cell can measure forces in the range [−500 : 500] g and
was calibrated employing four different laboratory weights:
0 g, 50 g, 100 g, and 200 g. Using the method in [27] and
adopting a conservative approach, we determined an upper
bound for the total (systematic + random) uncertainty of
measurement to be 0.740 g (9.81mN), which corresponds to
about 0.15% of the sensor range. As explained in Section II,
thrust is the component of the hydrodynamic force produced
by the propulsor that is perpendicular to the stroke plane,
i.e., in the direction of −p1, as defined in Fig. 2.

During the tests, the HiTEC D646WP servomotor and
TAL221 (500 g) load cell are operated according to the
architecture depicted in Fig. 4. Here, the primary phys-
ical devices that compose the experimental setup are
shown in a systems-and-signals didactic diagram. As seen,
a host computer generates the flapping reference that
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Fig. 5: Measured signals obtained through four different flapping-fin experiments in steady state. The four cases presented here correspond to sinusoidal
excitations of the servomotor with respective reference frequencies and reference amplitudes of (a) 0.4Hz and 70◦ (α0 ≈ 72.5◦ as seen in Table I);
(b) 0.6Hz and 70◦ (α0 ≈ 72.5◦ as seen in Table I); (c) 0.8Hz and 70◦ (α0 ≈ 72.5◦ as seen in Table I); and (d) 1.0Hz and 70.0◦ (α0 ≈ 70.0◦ as
seen in Table I). Here, the upper plots compare the sinusoidal flapping reference used to excite the thruster’s servomotor with an estimate of the resulting
instantaneous flapping angle α(t), for 0 ≤ t ≤ 14 s. The bottom plots show the measured instantaneous thrust, fth(t), and the cycle-averaged thrust, f̄th(t),
computed according to (2).

drives the servomotor through an interfacing microcontroller
(ARM Cortex-M7 at 600MHz, mounted on a Teensy 4.0
development board). Note that even though the servomotor
uses a feedback mechanism to control the angular position
of its shaft, the flapping motion of the thruster is essentially
generated in open loop because no external measurement
of the instantaneous angle α(t) is used for feedback control.
Therefore, as discussed in Section IV, a discrepancy between
the servomotor command signal indicated in Fig. 4 and the
actual signal α(t) is expected. In addition to the command
signal, the servomotor receives as an input, through a regular
laboratory power source (Kungber SPS3010, 30V and 10A),

the electrical power required to function. In this case, in
agreement with the manufacturer’s specifications, the voltage
is set at 8V, and the current varies to satisfy the instan-
taneous requirements of the servomotor. As discussed in
Section V, we used this exciting electrical current to estimate
the efficiency of the proposed flexible fin relative to that of
a benchmark rigid fin.

As expected, given the principles of operation, the raw
output voltage generated by the TAL221 (500 g) load cell
used to measure instantaneous thrust is very low and noisy.
Therefore, before recording the measured thrust, we filter
this signal using a SparkFun HX711 board, which functions
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TABLE I: ESTIMATED VALUES OF α0 AND ϕ FOR AN AMPLITUDE
REFERENCE OF 70◦ , AND MEAN CYCLE-AVERAGED THRUST.

Frequency (Hz) Estimate ofα0 (◦) Estimate ofϕ (◦) ¯̄fth (N)

0.4 72.5 0.0 0.48

0.6 72.5 7.1 0.78

0.8 72.5 19.3 0.85

1.0 70.0 32.4 0.71

as an analog conditioner, amplifier, and 24-bit analog-digital
converter running at a sampling rate of 80Hz. As depicted
in Fig. 4, the same microcontroller used to generate the
reference for the instantaneous angle α(t) reads and re-
transmits the digitalized thrust measurement to the host
computer. The code used to program the microcontroller
was written in C++ using the Arduino integrated develop-
ment environment (IDE). Specifically, the real-time command
for the oscillating motion of the servomotor (reference for
α(t)) is generated with a built-in sinusoidal function that
allows for user-defined frequency, amplitude, and offset
settings. To enable the microcontroller (Teensy 4.0 board) to
read the digitalized thrust signal outputted by the load-cell
filter–amplifier (SparkFun HX711), we used a specialized
code library provided by SparkFun Electronics. The instan-
taneous digitalized-thrust and flapping-reference signals are
transmitted from the microcontroller to the host computer via
USB communication; the host reads the information, includ-
ing the index-time array associated with the experimental
data, through a Python-generated executable.

IV. EXPERIMENTAL RESULTS

To test the proposed propulsor empirically, we performed
sixteen back-to-back independent experiments corresponding
to sinusoidal servomotor-command signals with frequencies
in the set {0.4, 0.6, 0.8, 1.0}Hz and amplitudes in the set
{40, 50, 60, 70}◦. We chose these values after determining
their physical feasibility of generation with the experimental
setup described in Section III. Additionally, through simple
experimental tests, we determined that the flapper (Fig. 3), as
a mapping from the servomotor-command signal to the re-
sulting flapping angle α(t), is approximately a linear system;
therefore, since it is essentially excited in open loop because
no measurement of α(t) is used for feedback correction, the
true flapping signal has the form

α(t) = α0 sin(2πνt+ ϕ), (1)

for t ≥ 0, where ν is both the reference and true frequency of
the flapping motion in Hertz; α0 is the true amplitude of the
flapping motion (but not necessarily that of the command sig-
nal); and ϕ is a phase introduced by the approximately-linear
dynamics of the flapper.

The data corresponding to four different 14-second-long
experiments are presented in Figs. 5(a)–(d). Here, the upper
plots compare the reference signal used to excite the ser-
vomotor with an estimate of the true flapping angle α(t).
In this case, we present an estimate of α(t) and not α(t)
because the setup is not instrumented with a sensor capable
of measuring this variable. The details about the estimation
process are presented in the Appendix. As expected, the
estimated instantaneous flapping-angle signals are amplified

delayed versions of the respective references. The estimates
of α0 and ϕ corresponding to all the cases in Fig. 5 are
shown in Table I. For these four cases, the corresponding
measured instantaneous and cycle-averaged thrust forces are
shown in the bottom plots of Fig. 5. In this case, we estimate
the cycle-averaged thrust, f̄th(k), for k ≥ 0, simply using a
one-period moving-average filter with the form

f̄th(k) =
1

Nc

Nc−1∑
i=0

fth(k − i), (2)

where fth(k) is the sampled measured thrust at discrete time
tk = k · Ts; and Nc is the number of samples per flapping
period during the steady state. Note that for (2) to make sense
algebraically, k = 0 must correspond to an instant at which
the system has entered the steady state for at least an entire
flapping cycle. In the literature on AUVs, the measurement,
or estimation, of cycle-averaged thrust is the primary method
to evaluate the performance and efficiency of hydrodynamic
propulsors.

In the steady state, f̄th(k) = f̄th(tk = k · Ts) is an instan-
taneous signal approximately constant over a flapping cycle;
however, it may vary significantly over time. Therefore, for
the purpose of analysis, we further define the mean of the
cycle-averaged thrust as

¯̄fth =
1

Ne

Ne∑
i=1

fth(i), (3)

which is a constant parameter associated with the entire
steady-state section of the considered experiment. Consis-
tently, Ne is the total number of points in the steady-state
data sequence. The values of ¯̄fth corresponding to the four
tests in Fig. 5 are shown in the last column of Table I.
As discussed in Section III, the TAL221 (500 g) sensor has
an estimated measurement uncertainty lower than 0.740 g
(9.81mN), which can be considered very low for the tests
discussed here. For example, this value corresponds to only
about 1.26% of the mean cycle-averaged thrust for the
flapping parameters in the set {ν = 0.6Hz;α0 ≈ 72.5◦}, as
shown in Table I.

As expected, in all the cases presented in Fig. 5, the
measured instantaneous thrust oscillates about a positive bias
(cycle-averaged thrust) at a frequency that is exactly twice
as large as the frequency of the flapping-angle signal. The
resulting mean cycle-averaged thrust values for all the cases
in Fig. 5, also shown in Table I, suggest that, as predicted
by quasi-steady analyses, as the frequency of flapping is
increased, the generated cycle-averaged thrust also increases,
provided that the amplitude of flapping remains constant. In
this study, the conclusion is not entirely definitive because, in
the four experiments presented in Fig. 5, α0 was not kept con-
stant. We will remedy this experimental issue by employing
feedback control to flap the propulsor in future experiments.
In Fig. 6, to visualize the kinematics of the propulsor during
operation, we show a photographic sequence recorded during
a time interval of 1.9 s for a flapping motion with a frequency
of 0.6Hz and reference amplitude of 70◦ (α0 ≈ 72.5◦ as
seen in Table I) during steady state.

The photographic composite in Fig. 6 includes an entire
flapping cycle corresponding to the same test shown in
Fig. 5(b), where at time t = 4.190 s (first frame), the esti-
mated flapping angle is zero, i.e., α(t = 4.190 s) ≈ 0◦. Note
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4.190 s 4.290 s 4.390 s 4.490 s

4.590 s 4.690 s 4.790 s 4.890 s

4.990 s 5.090 s 5.190 s 5.290 s

5.390 s 5.490 s 5.590 s 5.690 s

5.790 s 5.890 s 5.990 s 6.090 s

Positive Thrust

Fig. 6: Photographic sequence from video footage of the experiment corresponding to the data in Fig. 5(b), which were obtained using a sinusoidal excitation
of the thruster’s servomotor with a reference frequency of 0.6Hz and reference amplitude of 70◦ (α0 ≈ 72.5◦). Here, the frames show twenty different
instants during a time interval of 1.9 s, corresponding to a flapping period (1.666 s) plus additional 0.233 s of data. For the purpose of comparison, note
that the first frame in this sequence (4.190 s) corresponds to the start of a steady-state flapping cycle (α(t = 4.190 s) ≈ 0◦). As intended by design, during
a flapping cycle, the convexity of the fin’s membrane switches from negative (relative to the orientation of the photographs in this figure) to positive. Also,
as expected, during shape transitions, higher-order vibration modes are clearly observed; for example, see the consecutive frames at times 5.490 s, 5.590 s,
and 5.690 s. Last, it is important to note that, as explained in Fig. 2, it can be clearly observed that for a negative α-direction rotation (α̇(t) < 0), the
β-direction rotation is positive (β̇(t) > 0); consistently, for a positive α-direction rotation (α̇(t) > 0), the β-direction rotation is negative (β̇(t) < 0).

that, as intended by design and predicted in Section II, these
frames show that, in this flapping cycle, for a negative
α-direction rotation with respect to p1 (α̇(t) < 0), the

β-direction rotation is positive with respect to p2 (β̇(t) > 0);
consistently, for a positive α-direction rotation with respect
to p1 (α̇(t) > 0), the β-direction rotation is negative with

7

Authorized licensed use limited to: Washington State University. Downloaded on April 26,2023 at 18:42:10 UTC from IEEE Xplore.  Restrictions apply. 



Estimate of  (º)

Fo
rc

e 
(N

)
 Mean Cycle-Averaged Thrust,  

(º)0
Fig. 7: Mean cycle-averaged thrust, ¯̄fth, versus the estimated value of α0
for sixteen experimental cases. The parameters for the flapping excitation
references are the frequencies in the set {0.4, 0.6, 0.8, 1.0} Hz and the
amplitudes in the set {40, 50, 60, 70}◦. In this case, we used estimates of
α0 and not measured values because the servomotor of the thruster was
excited in open loop, and we did not measure the flapping signal α(t) for
feedback control.
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Fig. 8: Thrust ratio as specified by (4), rth, versus the estimated value of α0
for sixteen experimental cases. The parameters for the flapping excitation
references are the frequencies in the set {0.4, 0.6, 0.8, 1.0} Hz and the
amplitudes in the set {40, 50, 60, 70}◦. In this case, we used estimates of
α0 and not measured values because the servomotor of the thruster was
excited in open loop, and we did not measure the flapping signal α(t) for
feedback control.

respect to p2 (β̇(t) < 0). Furthermore, as also predicted in
Section II, in this flapping cycle, the shape of the flexible
membrane of the thruster alternatingly switched from con-
cave to convex (relative to the orientation of the photos) and,
during the shape transition, the membrane exhibits shapes
corresponding to high-order modes of vibration.

The mean cycle-averaged thrust forces, computed as spec-
ified by (3), for the sixteen experiments discussed here are

summarized in Fig. 7. In this case, for the sake of accuracy,
we made this plot using an estimate of the flapping amplitude
α0 (identified according to the method described in the
Appendix) instead of the reference amplitude sent to the
servomotor. This approach makes a direct comparison of
all the cases more rigorous but less straightforward. Despite
this minor difficulty, we can readily identify some generic
patterns. Specifically, it can be immediately seen that the
steady-state mean cycle-averaged thrust, ¯̄fth, always increases
with the estimate of α0. However, we cannot infer a consis-
tent pattern from these data because for flapping frequencies
of 0.4Hz, 0.6Hz, and 0.8Hz, the relationship seems to be
linear whereas the relationship for the 1.0-Hz case seems to
be nonlinear with a decreasing slope. This decreasing slope
for the 1.0-Hz case also suggests that for a fixed large am-
plitude α0, in the particular case of the proposed propulsor,
increasing the frequency of flapping up to the operational
upper bound does not lead to a higher mean cycle-averaged
thrust. As also seen in Fig. 7, among the sixteen experi-
mental cases studied in this paper, the two highest mean
cycle-averaged thrust values are 0.78N and 0.85N, which
correspond to the parameter sets {ν = 0.6Hz;α0 ≈ 72.5◦}
and {ν = 0.8Hz;α0 ≈ 72.5◦}, respectively (see the esti-
mates for α0 in Table I). Consistently, regarding potential
control strategies based on differential fin flapping for an
AUV such as that depicted in Fig. 1, the data indicate that the
best frequency of operation is 0.8Hz because the relationship
between the estimate of α0 and ¯̄fth is both linear and with
relatively high force values compared to cases corresponding
to the same reference amplitude and frequencies of 0.4Hz
and 0.6Hz.

A standard secondary metric used to evaluate the per-
formance and efficiency of propulsors is the thrust ratio,
defined as

rth =
¯̄fth

f̄amp
, (4)

where f̄amp is the effective thrust amplitude, here defined as
the uncorrected experimental standard deviation (ESD) of
the measured thrust time-series over the same steady-state
interval with Ne data points used to compute ¯̄fth as specified
by (3); namely,

f̄amp =

√√√√ 2

Ne

Ne∑
i=1

[
fth(i)− ¯̄fth

]2
. (5)

In general, the thrust ratio rth, as specified by (4), indirectly
indicates how effectively an oscillatory force is converted
into cycle-averaged thrust. The thrust ratios, rth, for the
sixteen experimental cases discussed here, are summarized
in Fig. 8. As in the case of Fig. 7, we made Fig. 8 using
estimates of the flapping amplitude α0, not the ampli-
tude reference sent to the servomotor. The resulting plot
in Fig. 8 generally exhibits patterns and trends similar to
those in Fig. 7. Namely, for flapping frequencies of 0.4Hz,
0.6Hz, and 0.8Hz, the value of the thrust ratio increases
with the estimated α0; however, it is important to note that, in
contrast with the curves in Fig. 7, the relationship between rth
and the estimate of α0 for these three frequencies is parabolic
and with a decreasing slope as α0 increases.

The pattern associated with the first three tested flap-
ping frequencies is not continued by that corresponding
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to 1.0Hz as its rth value plateaus and does not change
significantly after reaching a value of about 0.57. Similarly
to the cases in Fig. 7, among the sixteen tests consid-
ered here, the highest values of the rth ratio, 0.67 and
0.68, correspond to the data points {ν = 0.6Hz;α0 ≈ 72.5◦}
and {ν = 0.8Hz;α0 ≈ 72.5◦} in Table I. Therefore, we can
confidently conclude that these two operational conditions
empirically maximize the generation of mean cycle-averaged
thrust (experimental optimal values) and the magnitude of the
rth ratio in the considered finite space of parameters. It should
be noted, however, that this is an experimental observation,
and we do not intend to imply that these conditions and
exciting parameters are optimal in the mathematical sense
of the word.

After having determined, through multiple tests, that one
of the best sets of excitation parameters in the considered
finite space is {ν = 0.6Hz;α0 ≈ 72.5◦}, we further discuss
some relevant characteristics of the corresponding instanta-
neous thrust signal. As seen in the bottom plot of Fig. 5(b),
during a force cycle (equivalent to half a flapping cycle), this
signal resembles a triangular-shaped periodic function with
a two-segment approximately-linear increase and a sudden
decrease of the force value. During each thrust period, the
measured force reaches local maxima of roughly 2.5N at
the instants when the estimate of α(t) reaches its local
extrema (one maximum and one minimum). Similarly, during
each thrust period, the measured force reaches local minima
of roughly −0.5N, presumably, at the instants when the
pitching angle, β(t), reverses its direction of change. It is
important to reiterate that the measured instantaneous thrust
signal oscillates at twice the frequency of flapping because
similar thrust patterns are generated in both stroke directions.
Note, however, that thrust forces produced during positive
and negative α-direction strokes exhibit patterns with slight
differences, which can be explained by the existence of minor
fabrication errors and assembly misalignments.

Compared to the instantaneous thrust corresponding to
the flapping parameter set {ν = 0.6Hz;α0 ≈ 72.5◦}, for
the flapping case corresponding to the parameter set
{ν = 0.4Hz;α0 ≈ 72.5◦}, shown in Fig. 5(a), the local ex-
trema are significantly smaller, and after reaching these
values, it takes longer for the instantaneous thrust to cross the
signal bias due to slower flapping velocities. This behavior
produces smoother sinusoid-like thrust oscillations. Also, as
seen in Fig. 5(a), the minima of force do not reach values
below −0.4N, and the maxima do not surpass 1.7N. As a re-
sult, as shown in Table I, the calculated mean cycle-averaged
thrust for this case is only 0.48N. Additionally, it can be
observed that the thrust signal slightly lags the estimated
flapping-angle signal and that high-frequency content is quite
significant relative to the main component of the measured
force. For the flapping case corresponding to the parameter
set {ν = 0.8Hz;α0 ≈ 72.5◦}, shown in Fig. 5(c), the result-
ing thrust signal generally resembles a higher-frequency ver-
sion of that corresponding to the {ν = 0.6Hz;α0 ≈ 72.5◦}
case. For the flapping case corresponding to the parame-
ter set {ν = 1.0Hz;α0 ≈ 70.0◦}, shown in Fig. 5(d), the
measured thrust noticeably lags the flapping motion. Most
remarkably, the instantaneous thrust signal looks distorted
as its local maxima do not exhibit well-defined peaks
and are significantly lower than those corresponding to
the {ν = 0.6Hz;α0 ≈ 72.5◦} and {ν = 0.8Hz;α0 ≈ 72.5◦}
cases; additionally, some local minima reach values lower

Positive Thrust

Fig. 9: Photograph of the rigid propulsor used as a preliminary benchmark
to compare the performance of the proposed flexible thruster, mounted
on the experimental setup presented in Section III. During the discussed
experiments, this propulsor was operated under exactly the same conditions
as those of the proposed flexible thruster shown in Fig. 3.

than −1.5N, which drastically decreases the value of the
mean cycle-averaged thrust shown in Table I.

V. DISCUSSION

In this section, we briefly and preliminarily address the
hypotheses stated in Section II, using additional experimen-
tal data and analyses. For this purpose, we fabricated the
3D-printed PLA rigid thruster shown in Fig. 9, which uses
exactly the same mechanisms for flapping and pitching, and
roughly has the same geometry as the proposed flexible
thruster. Then, we flapped this rigid propulsor with the
parameters in the set {ν = 0.6Hz;α0 ≈ 72.5◦}. For this
particular set of flapping parameters, we found the following:
(i) The mean cycle-averaged thrust generated by the rigid

thruster is 0.93N. This value is 19% larger than that
produced by the flexible thruster with the same flapping
parameters. Therefore, these preliminary tests indicate
that the first hypothesis stated in Section II is false.

(ii) We estimate the average power required for actuation
using the voltage, va(t), and current, ia(t), inputted to
the servomotor. Specifically, the instantaneous actuation
power is computed as pa(t) = va(t) · ia(t) and the av-
erage power, p̄a, as the average of pa(t) over 14 s of
steady-state data. During operation, we measured both
ia(t) and va(t) using a HiLetgo INA219 DC current
sensor. For the experiments considered here, the average
power consumed by the rigid thruster during the test is
3.94W, whereas that consumed by the flexible thruster
is 2.74W. Therefore, these preliminary tests indicate
that the second hypothesis stated in Section II is true.

(iii) Last, to test the third hypothesis stated in Section II,
we define as a metric of efficiency the ratio between
the mean cycle-averaged thrust, ¯̄fth, and the average
actuation power, p̄a. Namely,

η =
¯̄fth

p̄a
. (6)

For the experiments considered here, the ratio of effi-
ciency, η, for the rigid thruster is 0.24N·W−1, whereas
for the proposed flexible thruster is 0.28N · W−1.
Therefore, these preliminary tests indicate that the third
hypothesis stated in Section II is true.
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VI. CONCLUSIONS
We introduced a new type of bioinspired hydrodynamic

flapping propulsor and presented a preliminary experimental
study that evaluates its performance. The proposed design
includes passive and flexible elements such that multi-DOF
motions can be produced with a single actuator by taking ad-
vantage of fluid-structure interaction phenomena. To test and
demonstrate the suitability of the considered approach, we
built both a prototype of the proposed thruster and an instru-
mented experimental setup. The main components of the ex-
perimental setup are a force sensor, used to measure the gen-
erated instantaneous thrust, and a camera, used to take video
footage of the experiments. Using this measurement system,
we performed sixteen different flapping tests and determined
that the two best sets of sinusoidal excitation parameters, in
order to maximize both mean cycle-averaged thrust and the
thrust ratio specified by (4), are {ν = 0.6Hz;α0 ≈ 72.5◦}
and {ν = 0.8Hz;α0 ≈ 72.5◦}. Then, using preliminary ex-
perimental data, we compared the performance of the pro-
posed flexible thruster with a rigid propulsor used as a
benchmark. Inconclusive but promising results indicate that
the proposed approach could enable the development of a
new generation of bioinspired AUVs.

APPENDIX

Through simple tests, we determined that the flapping
system, understood as a mapping from the command signal
that excites the servomotor to the resulting flapping angle
α(t), is approximately linear. Also, despite using internal
feedback mechanisms, the servomotor that drives the stud-
ied flexible thruster is essentially operated in open loop
because no measurement of the true instantaneous angle
α(t) is used for feedback control. As a result, the actual
flapping motion is an amplified (or possibly attenuated)
and shifted version of the command signal used to excite
the servomotor according to the configuration discussed in
Section III and depicted in Fig. 4. To find the amplification
factor and phase introduced by the flapping mechanism in all
the tests discussed in the paper, and correct the experimental
data as shown in Fig. 5, we performed a set of simple
system-identification (system-ID) experiments. We then used
video analysis to extract the required correction information.

Specifically, before starting the tests, we placed a digital
video camera with its objective lens precisely perpendicular
to the motionless p2-p3 plane, as defined in Fig. 2(a). In
this arrangement, the objective lens remains aligned with
the flapping axis, p1, during operation, and we can cap-
ture footage of the instantaneous position of the thruster’s
leading edge. Then, through offline video processing, we
can measure the exact value of the instantaneous angle α(t)
at each captured video frame. In each system-ID correc-
tion experiment, we used the same servomotor-command
signals and replicated exactly the environmental condi-
tions of the thrust-measurement experiments corrected with
the estimated gain and phase values. To synchronize a
servomotor-command signal with the corresponding captured
video frames, an electronic LED-based circuit, controlled
with a Teensy 4.0 board, was used to flash a light at each
instant the command signal reached an extremum value.
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