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“The important thing is not to stop
questioning. Curiosity has its own
reason for existing. One cannot help
but be in awe when he contemplates
the mysteries of eternity, of life, of
the marvelous structure of reality.
It is enough if one tries merely to
comprehend a little of this mystery
every day.”

— Albert Einstein [1]
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Abstract

Researchers have been studying animal propulsion mechanisms to develop

agile, e�cient, and versatile biomimetic robotic systems for marine science,

industry, defense, and recreation applications. This project concerns the

development of an experimental methodology to analyze the propulsive

performance of a system inspired by �sh caudal �n kinematics. The

experimental rig features a 3D-printed �n that oscillates with the help of a

servo motor, whose frequency and amplitude vary over time, creating multiple

test conditions. In the rig, a load cell is used to measure the thrust force

generated by the oscillation, and an electric current sensor is used to measure

the current consumed by the servo when making the movements. The data

extracted from these experiments are used to train a Kolmogorov�Arnold

Network (KAN), which learns to predict the thrust and power outputs of

the system based on input parameters such as �n amplitude, frequency, and

angular velocity. The results obtained o�er experimental evidence supporting

the viability of using neural networks to model thrust and power in bio-

inspired systems, while providing valuable �ndings that may contribute to

the design and improvement of bio-inspired underwater propulsion systems.

Keywords : Neural networks, KANs, Biomimetic oscillatory propulsion,

Pitching hydrofoils, Thrust e�ciency optimization
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Resumo

Mecanismos de propulsão animal têm sido estudados por investigadores

com o objetivo de desenvolver sistemas robóticos biomiméticos ágeis,

e�cientes e versáteis destinados a aplicações nas áreas das ciências marinhas,

indústria, defesa e recreação. Este projeto visa desenvolver uma metodologia

experimental para analisar o desempenho propulsivo de um sistema

inspirado na cinemática da barbatana caudal de peixes. O banco de ensaio

experimental possui uma barbatana impressa em 3D que oscila com a ajuda

de um servomotor, que varia em frequência e amplitude ao longo do tempo,

criando múltiplas condições de ensaio. No banco de ensaio, uma célula de

carga é utilizada para medir a força propulsora gerada pela oscilação, e

um sensor de corrente elétrica é utilizado para medir a corrente consumida

pelo servo durante os movimentos. Os dados extraídos destas experiências

são utilizados para treinar uma rede de Kolmogorov�Arnold (KAN), que

aprende a prever a força propulsora e a potência do sistema com base em

parâmetros de entrada como a amplitude, a frequência e a velocidade angular

da barbatana. Os resultados obtidos fornecem evidências experimentais que

suportam a viabilidade da utilização de redes neuronais para modelar a

propulsão e a potência em sistemas bioinspirados, apresentando resultados

úteis que poderão contribuir para o projeto e a melhoria de sistemas de

propulsão subaquática bioinspirados.

Palavras-chave : Redes neuronais, KAN, Propulsão oscilatória biomimética,

Hidrofólios oscilantes, Otimização da e�ciência de impulsão
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Chapter 1

Introduction

This thesis presents a project carried out at IntellMax, a technology startup

specializing in Optimization, Arti�cial Intelligence and Data Science, as

part of the requirements for obtaining the Master's degree in Informatics

Engineering at the University of Madeira.

In this chapter, the motivation and objectives of the project are presented,

followed by an overview of the thesis structure.

1.1 Motivation

The underlying motivation of this study is related to the fact that the present

period is one of energy transition, in which one of the European goals

is to reduce greenhouse gases and decarbonize maritime transport. Given

the increasing demand for sustainable alternatives, an opportunity arises to

highlight the area of bio-inspired systems as one of the viable solutions.

Thanks to advances in computational resources and simulation tools, this

has been a �eld of great interest for the study of more e�cient propulsion

systems. Recent studies and prototypes even demonstrate that �apping

hydrodynamics may be more e�cient than conventional systems and can

reduce fuel emissions by up to 50% [2].

1



CHAPTER 1. INTRODUCTION 2

1.2 Objectives

This project aims to contribute to this transition by developing a system

that investigates the propulsion generated by a �apping motion. The system

is designed to be replicable and suitable for application in bio-inspired

Autonomous Underwater Vehicles (AUVs), Diver Propulsion Vehicles

(DPVs), and Uncrewed Surface Vehicles (USVs).

The project had three main objectives:

ˆ To create a system that mimics the motion of a �apping foil;

ˆ To extract data from the foil's �apping behavior;

ˆ To use this data to train a neural network capable of analyzing the

system's performance and potentially improving propulsion e�ciency

and energy management.

With this experimental methodology, the aim is to create a system that

enables testing bio-inspired hydrofoils in a realistic, fully submerged aquatic

environment before their integration into a �nal prototype.

As mentioned, this system mimics the motion of a �apping foil while

simultaneously collects data through a set of sensors and actuators. These

data are subsequently used to train a neural network capable of predicting the

thrust and energy consumption for parameter combinations not previously

tested, which represents a signi�cant advantage.

1.3 Thesis Structure

This thesis is organized into �ve chapters.

The �rst chapter introduces the research topic, along with the motivation

and objectives of the study, as well as the overall structure of the thesis.

In the second chapter, a literature review is presented. This chapter

describes the evolution of the scienti�c �eld and highlights some of the most

relevant prototypes developed in recent years, based on various sources and

authors.

The third chapter details the methodology, including the materials used,

the implementation of a system to simulate caudal �n movement, the
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acquisition of sensor data, and the introduction of the Kolmogorov�Arnold

neural network, a relatively recent model employed in this thesis to learn

from the di�erent combinations of amplitudes and frequencies tested, which

simulate the behavior of a �apping motion.

In the fourth chapter, the data collected by the system are pre-processed

so that they can be used to train neural networks. In addition to the pre-

processing procedures, this chapter presents the con�guration used to train

the KAN model and the results obtained from this training. Finally, two

other, more common network models are also tested: Gradient Boosting and

a Long Short-Term Memory (LSTM) network. Both models are trained, and

their results are presented and compared with those of the KAN model.

In the �fth and �nal chapter, the conclusions are presented, summarizing

the main aspects addressed, the results achieved, and the system's

limitations, followed by suggestions for future work.





Chapter 2

Literature Review

The literature review is organized into three sections. The �rst seeks to

answer the question: `How many aquatic propulsion systems exist in nature?'

The aim is to gain a deeper understanding of �sh morphology and the

di�erent natural propulsion mechanisms.

The second section presents a survey of the main discoveries that marked

the �eld of �apping hydrodynamics, from the most relevant scienti�c articles

to some of the fundamental equations and parameters currently used to

evaluate the performance of these systems. This section also includes

an analysis of some prototypes developed to date from an evolutionary

perspective. This analysis serves as a bridge to the third section.

The third section brie�y addresses the evolution of arti�cial intelligence,

exploring its advantages and disadvantages. Based on this analysis, practical

examples are provided to illustrate how the combination of nature-inspired

propulsion and arti�cial intelligence can support the development of

more e�cient aquatic locomotion systems. Such systems are capable of

intelligently managing energy consumption, thereby extending autonomy

and enhancing navigation in open seas.

2.1 Types of Biomimetic Propulsion Systems

This section provides a concise overview of the di�erent types of biomimetic

propulsion systems found in nature.

By looking at the di�erent types of organisms, the vast majority of

5
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biologists and scientists have classi�ed the propulsion systems based on how

animals swim, based on how they manage to move and they identify four to

�ve types of systems [3, 4]:

ˆ Oscillatory: Propulsion generated by the periodic oscillation of

relatively rigid appendages (e.g., pectoral �ns or the caudal �n in

thunniform swimmers) to generate thrust for locomotion.

ˆ Undulatory: Propulsion generated by a traveling wave that passes

along a �exible body or �n (e.g., anguilliform swimming), displacing

water backward.

ˆ Pulsatile: It consists of discharging a quantity of water in the form of

a jet, producing thrust in the opposite direction to the �ow of the jet.

ˆ Drag-based: When an animal uses its limbs to push water backward,

generating thrust by reaction, as observed in frogs.

ˆ Lift-based: Propulsion is generated by lift force, similar to how an

airplane's wings work. This type of swimming can be seen in turtles

and penguins.

Within each of these general categories, it is also common to classify

propulsion systems based on animal morphology.

In the case of �sh, they are usually classi�ed not only based on whether

they move in an oscillatory or undulating manner, or through a combination

of both, but also by the type of �ns they have. It is possible for a �sh to

have more than one type of �n, which is, in fact, the most common situation

in most species.

Figure 2.1 shows the morphology of a �sh, highlighting the di�erent types

of �ns, while Table 2.1 presents the various swimming modes.
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Figure 2.1: Fish morphology

Table 2.1: Di�erent swimming modes

Category Fin Type Oscillatory Undulatory

Body-Caudal
Ostraciform Carangiform Anguilliform

Thunniform Subcarangiform

Median-Paired

Pectoral Labriform Diodontiform Rajiform

Anal Gymnotiform

Tetraodontiform Balistiform

Dorsal Amiiform

These classi�cations are not only essential for distinguishing and

categorizing the di�erent types of propulsion that exist but also for

understanding the vast scope of bioinspired systems.

In this thesis, the body-caudal �n (BCF) propulsion system is studied.

Depending on the species and swimming mode, BCF propulsion can be

oscillatory or undulatory. In tuna, for example, it is predominantly

oscillatory, as thrust is generated mainly by the tail.
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This swimming mode can be further classi�ed as thunniform or

ostraciiform, depending on the species and �n shape.

2.2 Flapping Hydrodynamics

Flapping is a term used in aerodynamics to describe a combined plunging

and pitching motion.

Initially, wing studies focused predominantly on isolated plunging motion.

However, over time, the focus of this area of study has shifted to a

combined solution between plunging and pitching, since pitching combined

with plunging is more e�ective in generating lift and propulsion, producing

more signi�cant aerodynamic forces.

This combined solution is in line with what is observed in nature, being

used by both �ying animals and e�cient swimmers, who use combined

movements to maximize the generation of propulsive force.

Some of the most notable articles, which inspired a variety of subsequent

studies, were published in 1909 and 1912 by Knoller [5] and Betz [6]. These

scientists demonstrated that the vertical oscillation of an airfoil (plunging)

changes its e�ective angle of attack, simultaneously generating lift and thrust

forces.

In 1922, Katzmayr [7] validated this theory by demonstrating that air

oscillation around a wing generates thrust.

In 1924, Birnbaum [8] discovered that, in addition to thrust, this motion

behavior could also generate unwanted vibrations, known as �utter.

A decade later, in 1935, Karman and Burgers [9] supported the Knoller-

Betz e�ect by providing a theoretical explanation that connected the position

and orientation of wake vortices to the forces acting on the wing, such as drag

and thrust.

In that same year Theodorsen [10] wrote an article that would become

very well known for describing the aerodynamic force on a wing and

introduced a complex function to predict �utter events.

The area that studies bioinspired aquatic propulsion systems emerged in

1936 when James Gray investigated the power required for a dolphin to swim

at high speeds. This work became known as Gray's Paradox and was later



CHAPTER 2. LITERATURE REVIEW 9

revisited in an article by Rahul et al. [11], due to the discrepancy between

the estimated force generated by the dolphin's muscle and the estimated drag

force.

At the time, the data was very limited, and there were only a few

studies related to hydrodynamics, animal muscle physiology, and swimming

performance. Because of that, some of the results were later demysti�ed.

Gray's study suggested that dolphins needed to generate seven times more

muscle power than other mammals to overcome drag, based on a rigid-body

hydrodynamic model.

With subsequent scienti�c advances, these results were rejected. Later,

researchers discovered that muscles could be more e�cient than initially

estimated, and that important factors such as body �exibility and undulating

motion had been disregarded in a rigid body study, and that these factors

would have a signi�cant impact on drag reduction.

Shortly thereafter, in 1937, Garrick [12] used Theodorsen's theory of

vortices to calculate the horizontal force generated by an airfoil.

In 1939 Silverstein and Joyner [13] demonstrated the relationship between

the frequency of motion and the air �ow speed and identi�ed the optimal

conditions for maximizing propulsion and minimizing drag.

In 1950, Bratt [14] conducted a wind tunnel experiment to study �ow

patterns behind a moving airfoil and observed that higher motion frequencies

increased the formation of distinct vortex structures in the wake.

In 1996, Streitlien et al. [15] published a study about increasing

the propulsive e�ciency of an airfoil through vortex control. The paper

demonstrated that maximum e�ciency, which was around87 %, occurred

when leading edge vortices interacted optimally with trailing edge vortices,

forming a reverse Kármán vortex street, as shown in Figure 2.2, extracted

from Prats' thesis [16].
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Figure 2.2: Standard vs. reverse Kármán vortex street. a) Kármán vortex
street; b) velocity pro�le; c) reverse Kármán vortex street; d) velocity pro�le

In 1998, Jones [17] explored the Knoller�Betz e�ect in �apping airfoils,

focusing on how vortices in�uence the balance between drag and thrust. They

found that as plunging velocity increased, wake vortices transitioned from

drag-inducing con�gurations to those producing net thrust, due to organized

vortex patterns generating propulsive force.

At Strouhal numbers St � 0:3, viscous e�ects dominate, reducing air�ow

circulation around the airfoil. At higher Strouhal numbers (St � 1), the

wake patterns become less symmetric due to increased �ow separation, which

negatively impacts thrust generation.

In 1999, Tolko� [18] published a thesis on the study of the forces measured

in what was the world's �rst tuna robot, investigating the power required for

propulsion and the role of body �exibility in hydrodynamic e�ciency.

Tuncer and Platzer [19], in 2000, investigated the behavior of the viscous

and unsteady �ow �elds around a NACA 0012 airfoil, through the variation

of plunging and pitching motions. The results of this study show that

maximum propulsive e�ciency occurred in scenarios when air�ow remained

predominantly attached to the airfoil, maintaining lift and reducing drag.

In 2003, Taylor et al. [20] conducted a study on various aquatic and aerial

species and found that the most e�cient ones operated at Strouhal numbers

between 0.2 and 0.4.

This range corresponds to the ideal formation of a reverse Kármán vortex

street in the wake, which is associated with e�cient thrust generation.

Guglielmini and Blondeaux [21], in 2004, after performing a numerical

simulation of foils, concluded that oscillation only in heave would not be
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su�cient to generate thrust and that pitching is necessary to obtain optimal

values, especially in hovering mode.

In 2005, Tuncer and Kaya [22] investigated maximizing thrust and

propulsive e�ciency of an oscillating airfoil's combined plunging and pitching

motions using a numerical steepest-ascent method. They varied plunge and

pitch amplitudes and phase di�erences, �nding optimal e�ciency with plunge

amplitudes of 0.4�0.8, pitching amplitudes of15� � 35� , and phase di�erences

of 80� � 90� . Maximum thrust was achieved with plunge amplitudes of 1.6�2.1

and pitching amplitudes of23� � 36� . The study linked high thrust to leading-

edge vortex formation, though this compromised e�ciency.

In 2012, Esposito [23] conducted a study in which he examined how �n

sti�ness and servo motor control could in�uence locomotor performance.

In 2019, Emanuel Camacho [24] conducted a numerical study in his

master's thesis, analyzing the aerodynamic performance of a NACA0012

airfoil in vertical motion (plunging) at low Reynolds numbers.

Among the results obtained, the study demonstrated that even without

varying the angle of attack, it is possible to generate considerable thrust.

However, this thrust depends on several factors, including frequency, motion

amplitude, and Reynolds number (Re).

Additionally, it was found that increasing the amplitude and frequency led

to a higher thrust coe�cient, a trend consistent with theoretical expectations.

The thesis revealed that propulsive e�ciency varies with Reynolds

number. For Re = 8500 and Re = 17000, the highest propulsive e�ciency

is achieved with high reduced frequencies and low amplitudes, whereas for

Re = 34000, optimal e�ciency occurs with low reduced frequencies and high

amplitudes.

Increasing the Reynolds number was shown to improve both the thrust

coe�cient and propulsive e�ciency, particularly at a Strouhal number of St =

0.1, where high e�ciency is achieved at low reduced frequencies(� 1). For St

> 0.1, the maximum e�ciency shifts to a reduced frequency of approximately

(k � 3).

Although the Strouhal number alone is insu�cient to fully characterize

the �ow due to multiple possible �ow con�gurations, it exhibits a strong

correlation with aerodynamic performance, including thrust production,
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required power, and propulsive e�ciency, especially at higher Reynolds

numbers.

The in�uence of the angle of attack was also examined. Increasing the

angle of attack reduces the thrust coe�cient(C_ T) and propulsive e�ciency

(� ), while increasing the lift coe�cient, as expected. Notably, the power

coe�cient remained largely una�ected by angle of attack variations, an e�ect

not widely explored in the literature.

The study employed Reynolds-Averaged Navier-Stokes (RANS) equations

with the Realizable(k � " ) and SST(k � ! ) turbulence models. The(k � ! )

model proved more suitable for simulating plunging airfoils, as the(k � ")

model struggled to predict thrust and e�ciency at Strouhal numbers below

0.15. Numerical validation was achieved through boundary location, mesh,

and time step independence studies, with results aligning well with existing

literature.

Turbulent e�ects at low frequencies were identi�ed as contributing to

reduced e�ciency, consistent with the observed challenges in predicting

performance at low Strouhal numbers.

2.2.1 Governing Parameters

In this study, a pitching motion is applied to the airfoil, which is essentially

a sinusoidal motion, as described by the equation below:

� (t) = � 0 + � amp cos (2�f t ): (2.1)

The Strouhal number (St) is a dimensionless parameter commonly used

to characterize vortex shedding. It relates the oscillation frequency and

amplitude of motion to the free-stream velocity, and is de�ned as:

St =
2fA
U1

: (2.2)

The Reynolds number (Re) characterizes the �ow regime:

Re =
�U 1 c

�
: (2.3)
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The reduced frequency (k) quanti�es the level of unsteadiness in the �ow:

k =
2�fc
U1

: (2.4)

The aspect ratio (AR) is a geometric parameter that characterizes how

elongated a wing or �n is. In aerodynamics and hydrodynamics, the standard

de�nition is:

AR =
b2

S
; (2.5)

whereb is the span andS is the planform area.

In some simpli�ed cases, such as two-dimensional foils or �sh �ns,AR is

sometimes approximated by the ratio of span to chord (AR = b=c).

The motion is characterized by the non-dimensional amplitude parameter

h, de�ned as:

h =
H
c

; (2.6)

whereH is the maximum oscillation amplitude andc is the chord length.

2.2.2 Performance Parameters

The thrust coe�cient ( Ct ) quanti�es the generated thrust:

Ct =
T

1
2 �U 2S

: (2.7)

The power coe�cient (Cp) represents the power consumption:

Cp =
P

1
2 �U 3S

: (2.8)

Propulsive e�ciency ( � ) measures the e�ectiveness of power conversion

into thrust:

� =
TU

P
: (2.9)

The governing parameters directly a�ect the performance parameters, a

higher frequency means that there is also a higherCt , and consequently there

may also be an increase in (Cp) which both a�ects the value of � .

In this work, a study of a �n attached to a stationary structure is
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presented.

It is also important to note that, in addition to the performance

parameters, locomotion systems are often evaluated using the cost of

transport (COT), de�ned as:

COT =
E

m � d
; (2.10)

whereE is the energy consumed,m is the body mass, andd is the distance

traveled.

2.2.3 Existing Prototypes

As described in Section 2.2, the �rst bioinspired robot only appeared in 1994,

but well before that there was already another technology with foils being

investigated and which are still used today.

The technology used is based on the principle of converting wave energy

into propulsion through the use of foils. Foils are usually attached to shafts

or moving structures that change angle based on the lift and plunging

movement.

The �rst publication of this type of technology dates back to 1895, with

Herman Linden [25]. Today, this technology is still in use and can be found

in USVs developed by companies such as AutoNaut [26] and Liquid Robotics

[27].

ˆ RoboTuna

The morphology and swimming behavior of �sh result from an

evolutionary process spanning thousands of years of natural selection

[28]. This e�ciency has motivated substantial interest in studying �sh

locomotion and developing robotic prototypes.

The �rst bioinspired robotic �sh, known as RoboTuna, was created

in 1994 at MIT by a team of researchers led by Prof. Michael S.

Triantafyllou, with David S. Barrett as a key contributor [29]. As

shown in Figure 2.3, RoboTuna was designed to serve as a platform

for studying �sh-like propulsion mechanisms and for evaluating their

potential advantages over conventional systems.
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Figure 2.3: RoboTuna

At the time, discussions were already underway regarding the

construction of untethered prototypes, such as the Robot Pike later

developed in 2000 [30]. Research e�orts also explored the use of genetic

algorithms to optimize control parameters and improve e�ciency. As

Barrett noted, �So the overall e�ciency gets exponentially better and

better, and we end up with an arrangement of control parameters that

make for the most e�cient run� [31].

ˆ Proteus, the `Penguin Boat'

In 1997, the prototype Proteus, also known as the �Penguin Boat�,

was developed at MIT in collaboration with the U.S. Navy. This 12-

foot vessel was propelled by two �ns attached to the stern, mimicking

the swimming of penguins. As shown in Figure 2.4, Proteus was the

�rst project to explore the use of multiple �apping �ns as a propulsion

strategy.

According to early laboratory tests [32], the vessel demonstrated

promising performance, reaching an e�ciency of approximately87 %,

compared to about70 %for conventional ships.
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Figure 2.4: Proteus

ˆ O-Foil

In 2008, the Dutch company MARIN developed an experimental

project called O-Foil, which was a vessel resembling a full-size tanker

equipped with a propulsion system inspired by dolphin locomotion, as

illustrated in Figure 2.5. The project indicated that the implemented

system could reduce fuel consumption and emissions by up to50 %[2].

Figure 2.5: O-Foil experimental vessel

ˆ Suntory Mermaid II

Also in 2008, the catamaran Suntory Mermaid II was developed,

featuring a biomimetic wave-powered propulsion system. The vessel
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was equipped with two �n-like structures at the bow that converted the

vertical motion of waves into forward thrust, emulating the locomotion

of marine organisms.

This boat became famous for completing a voyage from Hawaii to Japan

in 2008 and received an award for the world's longest solo trip on a

wave-powered vessel.

ˆ SoFi, the Soft Robotic Fish

In 2018, MIT developed the SoFi prototype [33], illustrated in

Figure 2.6, which was described as the most advanced robotic �sh of

its kind ever built. This robot could be controlled using an underwater

remote to communicate with a human operator [34].

Figure 2.6: SoFi robotic �sh

The main objective of its development was to study marine life without

disturbing it, as it was equipped with cameras and environmental

sensors. It enabled a new form of observation, with communication

capability at distances ranging from 0 to 18 meters and an operating

autonomy of about 40 minutes.

Looking ahead, the researchers indicated their intention to develop

a prototype capable of remaining underwater for longer periods and

operating without direct human intervention. They also highlighted

that such a robot would be important in assessing whether robotic

presence can in�uence the behavior of marine life.
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