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Abstract

The objective of this thesis is the development of innovative methods to address the
challenges of underwater locomotion. The majority of autonomous underwater vehicles
(AUVs) are propelled by thrusters, characterized by low energy efficiency and high
noise pollution, whereas many fishes are efficient and agile swimmers that outperform
AUVs. Therefore, this research is imprinted to the creation of new knowledge about
aquatic propulsion by adopting a bioinspired approach. Nature displays a wide variety
of swimming strategies, and this thesis is focused on the locomotion of the cownose ray
since it is featured by the best combination of efficiency and maneuverability among
fishes. In order to understand the underlying principles of its swimming strategy, a CFD
model of cownose ray swimming has been developed. This model solves the coupled
equations of fluid dynamics and forward swimming dynamics of the fish using an overset
mesh. This analysis confirmed the results present in literature about the swimming
performances of the cownose ray and the vortex structures in the flow. In addition, it
relates the swimming performances with the kinematic parameters of the fin movement,
and a novel way to calculate the energy efficiency of fish swimming is proposed. Then,
a biomimetic robot inspired by the cownose ray was designed and realized to provide
an innovative example of underwater locomotion. Experimental tests on the fins of a
prototype of the robot have shown that the locomotion principle of this fish is a valid
source of inspiration for underwater vehicles but also highlighted some limitations of the
first version of the robot. Nevertheless, they have been overcome in a new version in
which the fins and the electronic circuit have been completely redesigned. The dynamics
of the robot have been simulated, and a control algorithm for forward swimming and

maneuvers has been proposed.

Keywords: Bioinspired robotics, Swimming locomotion, Fin propulsion, CFD

analysis, Mechanical design
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Introduction

IOINSPIRATION is an engineering approach that involves studying and
modeling nature to emulate biological strategies in solving scientific and
industrial problems |6, 7|. Live beings, after billions of years of evolution,

have developed effective solutions to nature’s challenges to adapt to continuously changing
and hostile environments. Thus, nature has been a source of inspiration for developing
new solutions for thousands of years [6, 36]. Behind these solutions, some common
principles can be identified: all live beings use easily retrievable energy sources; they
take advantage of cooperation and use recyclable and readily available materials. These
principles are valid in all the scale levels, from the nanoscale of bacteria and cellular
processes to the macroscale of whales. Therefore, the field of application of bioinspiration
is exceptionally vast. It ranges from efficient management of resources, smart cooperation
between systems, self-repairing and lightweight materials, perception of the surrounding

environment to manipulation and locomotion |7].

Objective of the thesis

The objective of this thesis is to understand how to put into practice the bioinspiration
method and to learn how to transpose a biological solution into an engineering application.
The context in which this work is developed is underwater locomotion, and the outcome
is the realization of a biomimetic swimming robot inspired by the cownose ray.

The propulsion of underwater vehicles usually relies on thrusters, which have a poor energy
efficiency and produce high amount of noise. Moreover, thrusters can generate a force only
in one direction; thus, several thrusters are required to make underwater vehicles agile
and maneuverable [12]. Therefore, it is interesting to investigate alternative methods to
achieve propulsion, using different approaches and creating innovation in this field. For
this research, the observation of nature is particularly helpful as many species of fishes
and cetaceans are efficient and agile swimmers. Hence, the objective of this PhD thesis

is to put into practice a bioinspired approach to create new knowledge about locomotion
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mechanisms in the water. This is carried out through the development of innovative
models to describe and understand the locomotion strategies of such biological systems
so that they can be adapted to a technological solution able to provide an example of
innovative underwater propulsion.

Furthermore, the design approach used for this project can be extended to any engineering

problem taking inspiration from any other living being. A scheme of the adopted design

Analysis of biological
solutions

process is presented in Figure 1.

Engineering
adaptation of
physical
principles

Design and
realization of a
biomimetic
robot

Practical applications

Figure 1: Scheme of the approach adopted during the thesis work

The first step is an analysis of nature’s solutions to the challenge of underwater
locomotion, finding out the features of each locomotion strategy and their advantages
and drawbacks, in order to choose one swimming mode that is possible to emulate and
adapt to practical applications. Then, analytic and numerical models are developed
to understand the functions necessary to replicate in a biomimetic robot. Afterward,
the robot is designed and realized, and, finally, experimental tests are performed. The
target of these tests is not only to verify that the robot is functioning but also to assess
the validity of the model and our comprehension of the physical principles behind the

locomotion strategy.

After identifying the swimming mode of the cownose ray as one of the most promising

in terms of maneuverability and efficiency, a kinematic model of the motion of the fins
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is developed. Then, a CFD study of fish swimming is carried out to understand the
mechanisms underlying thrust generation and the influence of kinematic parameters on
swimming performances. Based on the results of numerical simulations, a prototype of
the robot and an artificial fin replicating the most important features of the cownose ray
motion are designed and built. Some experimental tests on this fin are carried out to
assess the validity of the CFD model and to verify the advantages of the cownose ray
swimming strategy. Finally, an enhanced version of the biomimetic robot inspired by the
cownose ray is realized, and some experimental tests of the robot swimming in the water
are performed to evaluate the ability of the robot to exploit the same physical principle
as the cownose ray for thrust generation and to assess its swimming performances. The
autonomous swimming robot’s possible applications developed in this thesis are seabed

exploration, environmental monitoring, and underwater search & rescue.

Terminology

Nature has always been a source of inspiration for humans. However, in recent years,
bioinspiration has emerged as a widespread approach to engineering, and the systematical
knowledge transfer between biology and engineering has taken place. Since there are many
fields of study involving the connection between biology and engineering, it is helpful to

define some terms with slightly different meaning nuances [36.

e Bioinspiration: "the creative approach based on the observation of biological
systems", the process of finding a solution to practical problems emulating principles
found in nature, which leads to the development of devices meant to operate on the

same principles as actual organisms [36, 41, 114];

e Biomimicry: "philosophy and interdisciplinary design approach taking nature as

a model for sustainable development" [36];

e Biomimetics: the study of biological structures or functions to synthesize products

that emulate their natural counterpart [36, 41, 114];

e Bionics: discipline with the objective of replicating or replacing biological

structures or functions with mechanical or electronic equivalents [114].

From an engineering perspective, bioinspiration is a handy tool to find innovative
solutions, whereas, at first glance, biomimetics might seem of little utility since the
artificial products mimicking plants or animals do not generally have an immediate
application. This is far from the truth, especially in robotics, in which there has been

a rapid increase in the interest in biomimetic robots. The main reason is that the
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principles behind the locomotion of animals are incredibly complex, and they are based
on the interaction of several parts with a specific geometry and mechanical properties.
Biomimetic robots have the function of validating models of physical and biological
processes. A biomimetic robot can address many problems, which would be unfeasible to
do relying only on live organisms, whose behavior is challenging to control. For example,
it is nearly impossible to make a fish swim in a flow tank in a particular way orienting
its fins as desired in a specific instant, but this can be achieved with a biomimetic robot
[41].

Methodological approach

Over 3.8 billion years, evolution has led to the survival of the species which present the
most successful solutions to nature’s challenges, which are constantly improved through
natural selection, so that they have reached an outstanding level of optimality [8].
However, while designing a bioinspired system, it is crucial to have clear that natural
organisms are optimal for surviving. However, they are not necessarily optimal for their
technical performance in a specific function because being part of a living organism
introduces several constraints |7]. First of all, the organs of live beings are generally multi-
functional, so it could be misleading to think that every characteristic is fundamental for
the function of interest. For example, crickets are expertise in jumping, but their legs also
host their hearing organs, and they have evolved to comply with this requirement which
would not be necessary for a biomimetic robot.

Furthermore, some basic concepts of evolutionary biology must be considered to
understand in which sense natural evolution has led to optimal solutions. Live beings
have adapted to many evolutionary constraints, and some organs can be part of different
life-history contexts. For example, the flexibility of the wings of some insects is the result
of the development of the wings during the pupal state when they are stored in a small
space. Thus, flexibility is more a requirement than a solution to increase aerodynamic
efficiency. The reasons for their excellent flying performances should be searched in other
features, such as the corrugation of the wings [106].

These very general considerations are valid for both the possible approaches to bioinspired

engineering: the problem-driven approach and the solution-driven approach.

Problem-driven approach

The problem-driven approach consists of researching a bioinspired solution to a practical

problem identified at the beginning [36]. The first step is the problem definition, in
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which the function of interest is identified. Then a biological solution is searched and
studied. Once the solution is understood, its principles are abstracted, removing the
specific structural and environmental constraints. Finally, these principles are translated
into the problem domain introducing practical constraints such as technological feasibility

[36, 52|. This approach is summarized in the scheme presented in Figure 2, where an

bl

PRACTICAL UINDERIEYAN(E? ENGINEERING
PROBLEM ANALOGY PRINCIPILE ADAPTATION

example of its application is provided [70].

Left maxilla

Right maxilla

Minimally invasive Mosquito sting
needle insertion in insertion is
tissues unperceivable not deform tissue:

Harpooned needle
with cannula

Figure 2: Scheme of the solution-driven approach with the development of a micro-invasive

needle provided as an example

Solution-driven approach

The starting point of the bioinspired design with a solution-driven approach is the
knowledge of biological systems able to perform a function that can be of interest to
develop new technology. Then, the principle underlying the solution is understood and
abstracted. Subsequently, the solution’s utility for engineering problems is searched, and
a specific problem is defined. Finally, the principle of the biological solution is applied to
the engineering problem [36, 52|. This approach is summarized in the scheme presented

in Figure 3, where an example of its application is provided.

BIOLOGICAL PRAGTICAI ENGINEERING
SOLUTION PRINCIPLE PROBLE] ADAPTATION

Xanthium seeds
remain attached
to animals’ fur

Small hooks cling Plastic hooks attach to
to hairy surfaces soft fabric

Figure 3: Scheme of the problem-driven approach with the invention of Velcro as an

example
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A solution-driven approach is used for this research as it is aimed at recreating the efficient

swimming locomotion of fishes in underwater vehicles.

Structure of the thesis

In Chapter 1 examples of the bioinspiration method to all engineering fields are presented,
with particular emphasis on bioinspired robotics, except for underwater locomotion
strategies and swimming robots, which are described more in detail in the following
chapters. In Chapter 2, classification of swimming locomotion strategies and general
concepts of the hydrodynamics of fish swimming are provided. In Chapter 3, the
most significant examples of already existing fish robots are described, and the possible
applications of these robots are presented. Chapter 4 is dedicated to the description of
the CFD model of a swimming cownose ray and the discussion of the results. In Chapter
5, the prototype of the bioinspired robot is described, from the design of the mechanisms
to the dynamic analysis and the components’ sizing. In Chapter 6, the control algorithm
of the robot is described. In Chapter 7, the experimental tests on the fin motion are
presented. In Chapter 8, the final design of the bioinspired robot is described. Finally,

conclusions are drawn in chapter 9.
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HE biological functions that can serve as a source of inspiration are countless
and extremely varied, and so are the fields of application of bioinspired

engineering.
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The biomimicry taxonomy, reported in Figure 1.1, is a classification of biological functions,
which can help engineers identify nature’s examples of the function they are trying to

emulate [2]. An example for every field of application is reported in the following sections.

1.1. Cooperation

Insect colonies perform complex group tasks through many simple individual interactions
without central control or supervision. The teamwork is self-organized, and each
individual finds its tasks only following chemical traces left by other individuals. The
potential of self-organization in nature is enormous, and ant colonies and termite mounds
rely just on this type of coordination [13]. This is the source of inspiration for many
algorithms used to control robot swarms. These complex systems are composed of many
small robots, and it would be tough for a single computer to communicate with all the
components in real time. However, robots able to communicate and interact with nearby

members can swarm and perform complex tasks [100].

(a) Termite colony inside a mound (b) Swarm of robots, Rubenstein, 2014,
Harvard University [100]

Figure 1.2: Termites in a mound and a swarm of robots

1.2. Self-assembly

Tissues composing both plants and animals are self-assembled, and they are synthesized
thanks to the complex chemical interactions among enzymes and other complex
compounds. Exploiting the same principle, self-repairing and self-assembling materials
can be obtained. They are called supra-molecular materials because they are composed
of many molecules which form functional systems. As it occurs for proteins complexes, the
non-covalent bonds are fundamental in defining the function and the possible interactions

with different compounds, as summarized in Figure 1.3 [32].
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Figure 1.3: Self-assembled systems with integrated functionality by non-covalent

interactions, Dumele, 2020, Northwestern University [32]

1.3. Sensing

(a) Rat whiskers (b) Artificial BIO-TACT
sensor, Sullivan, 2012,
University of the West of
England [122]

Figure 1.4: Rat whiskers and bioinspired tactile sensor

Many mammals, such as rodents and seals, use for tactile sensing some hairs on their
snout called whiskers or vibrissae, that they use to explore the surroundings keeping at a
slight distance or detect hydrodynamic wakes. They are long tapered hairs that bend as
they come in contact with an object. They are extremely sensitive and can even detect
textures on a surface |[93|. They have been the source of inspiration for touch sensors
that apply minimal force on the objects they are supposed to detect. Mounted on robotic
arms, they are valuable tools for manipulating delicate objects [122]. Rat whiskers and

bioinspired touch sensors are shown in Figure 1.4.
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1.4. Energy conversion

The oriental hornet, shown in Figure 1.5, has some pigments in its cuticles that can absorb
solar energy and convert it into electrical energy. In addition, the outer brown layer of
its body is covered in grooves that funnel solar rays, and the yellow segments contain a
pigment that absorbs solar energy and generates electrical energy, which is used for liver
functionality and to give muscles a boost of energy. This is the source of inspiration for

organic solar cells with high conversion efficiency |92].

Figure 1.5: Oriental hornet

1.5. Optical properties

The wings of the Morpho Butterfly are featured by nanoscale structures on their surface
which cause light waves to diffract and interfere. As a result, some color wavelengths
cancel out, and others are intensified and reflected. The result is that the butterfly wings
appear of a very intense iridescent blue, as shown in Figure 1.6 [132]. This property is
called structural color. It has inspired the creation of artificial self-assembling coatings

that reflect ultraviolet, visible, or infrared light without using any toxic pigment or dye

13].

Figure 1.6: Iridescent blue Morpho Butterfly wings
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1.6. Protection from physical harm

The beak of the Golden-fronted woodpecker (Melanerpes Auriforms) and its skull bone
have a shape and a material composition that protects the brain from vibrations and
shocks deriving from impacts. The woodpeckers drum the wood of a tree about 20 times
per second, reaching an acceleration of 1200 g without damage to their brain. This
structure inspired the design of a shock-absorbing mechanism consisting of close-packed
micro glasses within a visco-elastic layer, arranged like the spongy bone and the skull of
the woodpecker [143].

e

Figure 1.7: Golden-fronted woodpecker

1.7. Breaking down materials

The ovipositor of the parasitic wasp Megarhyssa Ichneumon, shown in Figure 1.8, can
drill through the wood to lay its eggs. This organ is lightweight and highly flexible, and
its surface is featured by small teeth which cut wood when the ovipositor moves with
a reciprocating motion. A bioinspired drilling mechanism has been derived emulating
this principle, and it is a lightweight and energy-efficient solution advantageous for space

exploration [43].
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Figure 1.8: Megarhyssa Ichneumon with its long ovipositor

1.8. Adhesive properties

Geckos can climb any surface thanks to their sticky feet. Their toes are covered with
thousands of tiny hair-like projections which branch in smaller nanostructures ending
with small disks called spatulae, giving to the gecko feet a vast contact surface. Spatulae
interact with surfaces thanks to Van Der Waals forces, which are very weak attraction
forces between molecules. Nevertheless, being the contact surface very large, the sum of
all Van Der Waals forces is high and gives geckos their outstanding climbing ability [4].
Materials inspired by gecko feet have been developed showing great adhesive performances
[48].

(a) Gecko foot (b) Bioinspired adhesive material seen at
the microscope, Gorumlu, 2017, Texas
Tech University [48]

Figure 1.9: Gecko foot and bioinspired adhesive material
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1.9. Bioinspired robotics

Robots taking inspiration from nature usually imitate live organisms in how they move

or manipulate objects.

1.9.1. Manipulation

Manipulation of objects is a fundamental operation in the industry, which is conventionally
carried out using traditional rigid robots, unsuitable for handling delicate objects such as
food. On the other hand, biomimetic manipulators are usually soft and made of compliant
material, which gives them the ability to deal with uncertainties and makes them safer

for human-robot interaction [59].

Manipulators inspired by tentacles or trunks

(a) Octopus (b) Octopus robot, Laschi, 2012,
BioRobotics  Institute,  Scuola
Superiore Sant’Anna [68]

Figure 1.10: Octopus and bioinspired robot

Octopus tentacles and elephant trunks are long muscle appendages able to grasp objects
and lift weights while remaining highly compliant and deformable. The primary ability
that a soft robot can emulate from octopuses is the ability to stretch, bend, tighten the
arm around an object and regulate stiffness to adapt to the environment, thanks to the
particular muscle tissue arrangement in the tentacles, which lack a skeletal structure. This
ability has been replicated in an octopus robot with tentacles characterized by actuators
oriented in multiple directions and SMAs springs to adapt stiffness [68]. The robot is

shown in Figure 1.10.

Another bioinspired manipulator is the BionicMotionRobot, inspired by an elephant’s
trunk and shown in Figure 1.11. This robotic arm consists of a structure with 12

degrees of freedom, pneumatically actuated. This robot can perform natural movement
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patterns, and its inherent flexibility represents an enormous advantage for safe human-

robot interaction [118].

(a) Elephant’s trunk (b) BionicMotionRobot, 2017, Festo® [118]

Figure 1.11: Elephant trunk and the bioinspired manipulator BionicMotionRobot

Several other examples of bioinspired manipulators inspired by this principle can be found,

and they can find applications also for minimally invasive surgery [96].

Manipulators inspired by the chameleon’s tongue

A bioinspired gripper can take inspiration also from the chameleon’s tongue. The
chameleon shoots out at more than 3.5 m/s its tongue to catch its prey, which elongates
more than six times with respect to its rest length. This mechanism, combined with the
super-sticky tongue end, gives the chameleon a prey catch rate of 99.6 %. A catching
robot has been developed using a coilgun to accelerate a magnet that can catch metallic
objects [28]. Another bioinspired manipulator that takes inspiration from the chameleon’s
tongue exploits the principle which makes the tongue’s end so sticky. The chameleon puts
the tongue over the prey and securely encloses it in a tight fit. The bioinspired gripper
consists of a silicone chamber that deforms when it comes in contact with the object to
grasp, and then negative pressure is created so that the object is sucked in, as shown in
Figure 1.12 [120].
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(a) Chameleon’s tongue catching its prey (b) BionicMotionRobot, 2015,
Festo® [120]

Figure 1.12: Chameleon’s tongue and bioinspired manipulator

1.9.2. Locomotion

The vast majority of bioinspired robots emulates from live beings their locomotion
strategies. In nature, it is possible to find animals of all sizes that live in significantly
different environments. Therefore, there is a wide variety of biological locomotion

strategies that can serve as a source of inspiration for the design of robots.

Walking robots

One way of moving across the land is to walk or run. The main advantage of this kind of
locomotion is the ability to move on uneven and unstructured terrains. Furthermore, each
leg is featured by several degrees of freedom so that these animals can perform different
gaits. For example, they can move their legs to change their body’s height or orientation

[82]. Therefore, the walking gaits differ significantly depending on the number of legs.

(a) Scorpion (b) Hexapod robot inspired by the scorpion,
Flamand, 2016, Gent University [40]

Figure 1.13: Scorpion and a bioinspired robot

Several robots are taking inspiration from invertebrates, mainly insects, spiders, and
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scorpions, with six or eight legs. Having a high number of legs makes them very stable
and provides them a large number of degrees of freedom so that many gaits are possible;
however, their motion is generally slow. For example, in Figure 1.13, a hexapod robot
[40] is shown, inspired by the scorpion, and, in Figure 1.14, a robot inspired by the spider
is displayed [94].

& el e B o e
(a) Spider (b) Hexapod robot inspired by the
spider, Ramdya, 2017, EPFL [94]

Figure 1.14: Spider and a bioinspired robot

Quadruped robots can move very fast and with high energy efficiency. Their legs are
composed of multiple links with many actuators. As a result, these robots can be very
agile, and some of them, like the robot presented in Figure 1.15 can even perform jumps
and flips [11]. Quadruped robots find applications in space exploration, search and rescue

operations, and surveillance.

(a) Cheetah (b) Cheetah robot, Bledt, 2018, MIT
[11]

Figure 1.15: Cheetah and a bioinspired quadruped robot
Finally, robots can take inspiration also from humans, who walk with just two legs. Like

other walking robots, they can move on unstructured terrains, but they also have two

arms they can use to perform other tasks. Although biped robots require very complex
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algorithms to stabilize and control their motion, they can perform even difficult stunts

and replace human workers carrying out simple tasks, as shown in Figure 1.16 [67].

(a) Jumping humanoid robot, (b) Humanoid robot moving a box,
Kuindersma, 2016, MIT [67] Kuindersma, 2016, MIT [67]

Figure 1.16: Humanoid robot

Jumping robots

Another function that biomimetic robots emulate from nature is the ability to jump. This
locomotion strategy is similar to walking, and it is an alternative to it for most animals.
The difference is that all legs are used synchronously, and springs or other elastic elements
are required in the legs to absorb impacts that occur during landing. The potential elastic
energy that springs accumulate in an impact can be stored and recovered to perform the
next jump, obtaining a gait with high energy efficiency |76]. An example of jumping robot
is the Bionic Kangaroo, shown in Figure 1.17, which takes inspiration from a kangaroo
[119].

(a) Kangaroo (b) Bionic Kangaroo, 2014,
Festo® [119]

Figure 1.17: Kangaroo and biomimetic kangaroo robot
Biomimetic jumping robots can take inspiration also from insects, like the cricket, the

grasshopper, or the locust, which, while jumping, spread their wings and glide so that the

traveled distance is increased, and the impact force during landing is reduced, resulting
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in locomotion characterized by great energy efficiency. For example, in Figure 1.18 a
grasshopper and a bioinspired jumping-gliding robot are presented. This robot is actuated
by a motor attached to a cam which compresses a spring and then releases the stored
energy. The combination of jumping and gliding makes it able to travel a double distance

with respect to pure jumping and reduce of 50% the impact force [130].

(a) Grasshopper (b)  Bioinspired  jumping-gliding  robot,
Vidyasagar, 2015, EPFL [130]

Figure 1.18: Grasshopper and jumping-gliding robot

Crawling robots

Crawling locomotion is typical of snakes and worms, which are biologically very different,
but they all lack legs and have thin elongated bodies. This body shape, with a thin
body and a compact cross-section, not only makes them able to move in unstructured
terrains but also gives them the ability to move inside tiny gaps and holes. Furthermore,
since most of their body is always in contact with the ground, their gaits are very stable.
Being constantly in contact with the soil means that a high friction force is developed
during motion; nevertheless, their energy efficiency is comparable to other animals with
legged locomotion because the aforementioned drawback is balanced by the advantage
of not needing to lift any part of their body. Furthermore, their body is very simple to
emulate in a biomimetic robot since it consists of the same structures and joints repeated
many times. Finally, snakes are also able to climb trees and wrap around their prey,
thanks to their shape, similar to the one of elephants’ trunks or octopuses’ tentacles.
Thus, bioinspired snake robots are extremely versatile since they could be used both for

locomotion and manipulation while remaining with a simple structure [55].

The most common crawling locomotion strategy is the serpentine or slithering locomotion,
adopted in nature by most snakes and consisting of waves of lateral bending that propagate
from the head to the tail. The generation of a net propulsive force is based on the
anisotropic dynamic friction coefficient of snakes’ skin, which is covered by rigid scales

overlapping in a longitudinal direction, which makes the friction coefficient very small
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in a longitudinal direction and very high in a transverse direction [20, 56|, as shown in
Figure 1.19. Moreover, snakes can take advantage from the presence of obstacles on their
path pushing against them, so that the lateral forces cancel out and a net propulsive
force is generated [74]|. This property makes them very suitable for locomotion on uneven

terrains.

(a) Snake during slithering locomotion (b) Scales on snake’s skin

Figure 1.19: Slithering snake and zoom on the scales of its skin

The anisotropic friction of snakes’ skin can be achieved using passive wheels, as the one
shown in Figure 1.20a [55].

Snakes also use other types of crawling locomotion, such as sidewinding, typical of the
rattlesnake. The bending waves are similar to those occurring in slithering locomotion.
However, the part of the body remaining straight is slightly lifted from the ground, and
static friction is present in bents. A bioinspired robot exploiting this principle is presented
in Figure 1.20b [85].

(a) Slithering snake robot with passive wheels, (b) Sidewinding snake robot, Marvi, 2014,
Crespi, 2005, EPFL [26] Georgia Institute of Technology [85]

Figure 1.20: Biomimetic snake robots

Two-anchor crawling is a different type of crawling locomotion used by inchworms. First,

they bend their body in an "Q2" shape, then, keeping their tail attached to the ground,
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stretch their body pushing forward their head; finally, they attach their head to the ground
and bend their body again, pulling forward their tail. This principle is advantageous for
tiny robots, which can make use of actuators made of smart materials such as piezoelectric

or shape-memory-alloys, like the robot shown in Figure 1.21 [65].

(a) Inchworm (b) Bioinspired inchworm robot with SMAs
actuators, Koh, 2013, Seoul National University [65]

Figure 1.21: Inchworm and bioinspired inchworm robot

Peristaltic locomotion is characteristic of earthworms and sea cucumbers. They enlarge
the cross-section of their body sequentially, in a wave propagating from the head to the
tail. The enlarged segments are in contact with the soil, whereas the others stretch and
contract periodically, making the animal move forward. This locomotion principle is quite
similar to the two-anchor crawling. It is a source of inspiration for small robots, actuated

by smart materials, like the robot shown in Figure 1.22 [110].

(a) Earthworm (b) Bioinspired peristaltic robot
with SMAs actuators, Seok,
2013, MIT [110]

Figure 1.22: Earthworm and bioinspired peristaltic robot
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Digging robots

Moving underground represents a tremendous challenge in biology and robotics because
of the presence of many obstacles and the high contact forces both due to pressure and
friction with the soil particles. Nevertheless, many animals have developed the ability
to dig, move soil and burrow underground. The Atlantic razor clam can dig as deep as
70 cm under the seabed. Tt uses a combination of movements of its valves and its foot: the
repeated expansion and contraction of valves moves the surrounding sand particles, which
unpack, leaving some space between them, and water is pulled inside these pores, creating
a fluid buffer around the animal. Hence, the clam can advance downwards, facing a small
resistance. This principle has inspired the development of RoboClam, a bioinspired robot
that could find application in seabed exploration and in laying cables under the sea, as
shown in Figure 1.23 [135].

Figure 1.23: Atlantic Razor Clam and RoboClam, Winter, 2014, MIT [135]

The vast majority of biomimetic robots take inspiration from animals, but the most
efficient diggers in nature are plants. Their roots can penetrate the soil at any angle, and
their motion has very high energy efficiency. The growing locomotion of roots is a very
slow movement. Nevertheless, since only the root tip is in motion and the rest of the
body is still, the energy dissipation due to friction is minimized, and the overall inertia of
the motion is minimal.

The Plantoid robot, displayed in Figure 1.24, takes inspiration from plants roots, and it
emulates the addition of cells to the tip exploiting the 3D printing of material with the
fused deposition modeling technique. The robot’s head is also equipped with chemical
and temperature sensors used to imitate other plant functions. The direction of growth
can be given with an asymmetry of the thickness of material deposition or of the number
of layers [103].
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Figure 1.24: Plantoid robot, Sadeghi, 2017, IIT [103]

Flying robots

The recent interest in the development of drones has promoted the research for novel
propulsion mechanisms for aerial vehicles. Thus, several bioinspired flying robots have
been developed trying to replicate the maneuverability and energy efficiency of bird or
insect flight. The majority of birds and bats fly by flapping their wings in a particular
motion pattern that allows generating at the same time lift and thrust force. The wing
kinematics is complex since the wings flex, bend, rotate and twist during a flapping cycle.
Thus, the resulting flow is unsteady and three-dimensional. Hence, complex phenomena
such as wake capture or leading-edge vortex formation and detachment combined with
the aeroelasticity of wings cannot be neglected [53|. Taking inspiration from nature is
particularly convenient in developing small unmanned aerial vehicles, which require very

high maneuverability and a low forward speed [53].

(a) Swallow with spread wings (b) Biomimetic robot Bionic Swift, 2021,
Festo® [121]

Figure 1.25: Swallow and biomimetic flying robot
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A biomimetic flying robot is the Bionic Swift, inspired by the swallow and shown in
Figure 1.25. Not only the wing-beating kinematics emulates the flight of a real bird, but
the presence of artificial feathers also features its wings. They are arranged in such a way
that, during the wing upstroke, they fan out, letting air flow through the wing, whereas,
during the wing downstroke, feathers tighten, making the wing surface seamless. This
means that the force required to move wings upwards is smaller than the force needed to

move them downwards, resulting in an efficient flying strategy [121].

Among birds, the most agile is the hummingbird, which can hover and perform
unparalleled fast escape maneuvers. The ability to hover, the small dimension, and the
high wing-beat frequency (~ 30Hz) create an analogy with insects’ flight, but the wing
shape and orientation are very distinct. Therefore, a simplified bioinspired hummingbird
robot has been developed, and it can perform agile maneuvers and fly as silently as its

natural counterpart [37].

(a) Hovering hummingbird (b) Robot inspired by the hummingbird, Fei,
2019, Purdue University [37]

Figure 1.26: Hummingbird and bioinspired robot

Insects are masters of flight agility, and they are a source of inspiration for micro-air
vehicles. They fly at very low Reynolds numbers, and many of them can glide, hover,
suddenly change direction, and even fly backward. The insect with the most interesting
characteristics is the dragonfly, whose wings are featured by corrugations and a particular
camber angle optimized for gliding. Furthermore, they have two pairs of wings that
are moved independently, making them able to hover and take off vertically [128]. The
BionicOpter, displayed in Figure 1.27, is a biomimetic robot inspired by the dragonfly.
It can equal all the flight characteristics of the dragonfly since the amplitude of wing
flapping, and the tilting angle can be controlled independently for each wing [117].



24

1| Applications of Bioinspiration

(a) Dragonfly (b) Robot inspired by the dragonfly, 2013,
Festo® [117]

Figure 1.27: Dragonfly and biomimetic robot
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2 ‘ Hydrodynamics of swimming

HE earliest life forms were aquatic; thus, swimming is the first kind of
locomotion that appeared on Earth [141]. This means that, over billions
of years, swimming live beings have evolved through natural selection,
differentiating in a tremendously vast number of species, each featured by a particular
shape or motion strategy [47, 72, 138, 141|. Furthermore, such a long evolutionary history
guarantees that aquatic organisms have developed highly efficient locomotion strategies,
although not necessarily optimal. Therefore, aquatic organisms are promising sources of

inspiration for a large number of engineering applications [72, 111].

The locomotion of a body through a medium is based on momentum transfer between
some part of it, the propeller, to the surrounding fluid [133]|, and the properties of
water as a locomotion medium have played a crucial role in the evolution of swimming
animals. The main characteristics are its incompressibility and its high density. The
water incompressibility implies that any movement of the swimming animal will set in
motion the water surrounding it and vice versa for every possible flow generated by animal
locomotion. The density of water (~ 1000kg/m?) is close to the body density of animals,
so hydrostatic force and gravity almost counterbalance each other, and the weight of the

animal does not affect its motion [111].

2.1. Classification of swimming modes

Swimming propulsion is exploited by aquatic animals covering a wide range of body sizes
and speeds, from blue whales, which are 30 m long and can reach a cruise speed of 12m/s,
to protists, characterized by a length of 50 pm, and by a swimming velocity of 80 pm/s.
The physical principles used by live beings to swim differ according to their size since the
characteristics of the flow in which swimming animals are immersed depend considerably
on the animal dimensions. The dimensionless parameter that allows quantifying the

contribution of the different forces to momentum transfer is the Reynolds number, defined
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as follows:
Ul

v

Re (2.1)

where U is the velocity of the flow, [ is the characteristic length of the animal, and v is the
kinematic viscosity of the fluid, which for water is equal to 1 x 107%m?/s. The Reynolds
number represents the ratio between inertia and viscous forces in a flow. The flow of a
large cetacean is mainly dominated by inertia forces, as its Reynolds number is about 108,
whereas microorganisms swim with a Reynolds number of 1073, as at that scale viscous

forces are predominant over inertia, as shown in Figure 4.28 [44, 138].
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Figure 2.1: Reynolds number characterizing swimming locomotion of different species,
Gazzola, Nature Phys (2014) [44]

While it is straightforward to identify the kinematic viscosity of the fluid, it not as easy
to define the characteristic length and the velocity of the flow since the characteristic
length is related both to the kinematics of fin movements and to the dimensions of the
animal, and the velocity of the flow is the superimposition of forward locomotion and fin
movement. Hence, it is necessary to introduce the Swimming number, a new dimensionless

parameter capturing both length and motion scales [44]:

B wAL

v

Sw (2.2)

where w is the circular frequency of fin movement, A is the maximum amplitude of fin
displacement, L is the length of the animal, and v is again the kinematic viscosity of
water. In an incompressible and inviscid flow, a deforming body accelerates a mass of
surrounding fluid that scales with pL? per unit span, and the fluid acceleration scales
with Aw?, so that the inertia force of the fluid scales with pL2Aw?. Since the amplitude
of fin movement is generally proportional to the animal length, the local angle formed
by the fin scales with A/L, and the thrust force is ~ pLA?w? |44]. For a low Reynolds
number (< 10%), the boundary layer is laminar and the viscous drag resisting to motion

scales with p(vL)'/2U3/? according to Blasius theory. Writing an equilibrium of forces in
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the longitudinal direction so that thrust is equal to drag, it is possible to obtain that the

scaling of the forward velocity U:
U~ LV3y713 AY3 43 (2.3)

Substituting the scaling of U into Equation 2.1, it is possible to obtain:

L1/3—1/3 A4/3,,4/3],

Re ~ Sw*/3 (2.4)

14

On the other side, for a high Reynolds number (> 10%), the boundary layer becomes
turbulent and the pressure drag is predominant over the viscous drag, so that the drag
force per unit span scales with pU?L. Therefore, the scaling of the velocity U corresponds
to [44]:

U~ Aw, (2.5)

and substituting it into Equation 2.1, it results that:

NAwL_

Re =~ Sw (2.6)

14

This scaling law is confirmed by experimental observations, as shown in Figure 2.2,
and it allows computing the Reynolds number of the flow combining the characteristic

dimensions of the animal and of its swimming gait [44].
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Figure 2.2: Relation between Reynolds number and Swimming number of different species,
Gazzola, Nature Phys (2014) [44]
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The momentum transfer mechanisms adopted by live beings can be based on four different

forces:

e viscous drag: friction between the animal skin and the fluid. It is the consequence
of the viscosity of water and a velocity gradient in the boundary layer. It depends

on the swimming speed and the nature of the boundary layer.

e pressure/form drag: pressure caused by the flow distortion as the body pushes
water aside to pass. It depends on the shape of the animal, and the majority of

fast-swimming animals have a streamlined shape to reduce this force.

e acceleration reaction: the inertia of water accelerated by the fins. It is strongly

dependent on the size of the fish and it is fundamental in periodic movements.

e [ift: hydrodynamic force acting in a direction perpendicular to the fin. It contributes

to propulsion when the fin rotates about the pitch or yaw axis.

The relative contribution of these forces to propulsion is different according to the

Reynolds number of the flow, as shown in Figure 2.3 [111].
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Figure 2.3: Relative contribution of forces to propulsion as function of the Reynolds
number, Sfakiotakis, IEEE Journal of Oceanic Engineering (1999) [111]

Swimming propulsion mechanisms can be classified in four categories, whose main

characteristics are summarized in Figure 2.4 and described in the following sections.
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80 pm/s ~ 1 mm/s 2cm/s~1m/s 0.1 m/s~5m/s 0.2 m/s ~30 m/s
104~1 1~102 10% ~ 106 10% ~ 108
10~20 % 20 ~ 50 % 50 ~90 % 40 ~ 90 %
Very low Very low Very high High

Figure 2.4: Classification of biological swimming modes and their main characteristics

Combining the information contained in Figure 2.4 and in Figure 2.3, it is possible to
observe that the Reynolds number of flagellar propulsion is extremely low, so viscous
forces govern their motion and that for jet propulsion, featured by a medium-low Reynolds
number, there is a contribution of drag, as well as of inertia. Finally, body-caudal fin
(BCF) and median paired fin (MPF) locomotion strategies are featured by high Reynolds
number, so inertia and lift forces are predominant. This means that the physical principles
of flagellar and jet propulsion swimming are peculiar to these swimming strategies. In
contrast, the body-caudal fin and median-paired fin swimming are based on similar
principles, and they mainly differ by the parts of the body performing the movements
responsible for thrust generation. Referring to the nomenclature presented in Figure
2.5, the body-caudal fin swimming strategy involves propagating a wave along the body,
culminating in a sizeable periodic displacement of the tail. Conversely, in the median-
paired fin swimming mode, thrust is generated by the coupled movements of pectoral fins
or dorsal and anal fins. Their movement often consists of a traveling wave similar to BCF
swimming mode, but with the substantial difference that the body remains still, and the

wave is present only on the surface of the fin.

The BCF swimming mode is predominant among fishes, as only 15% use MPF swimming
for propulsion. Nevertheless, BCF swimming animals can use MPF swimming strategies

for maneuvering and stabilization.

In this chapter, flagellar and jet propulsion are described, and their fluid mechanics
are briefly presented, then the hydrodynamic principles underlying fish and cetacean

locomotion are analyzed, and the peculiarity of both locomotion strategies are highlighted.
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Figure 2.5: Terminology used to identify the fins of fishes, Sfakiotakis, IEEE Journal of
Oceanic Engineering (1999) [111]

Finally, some examples of bioinspired applications are provided for each swimming mode,

except for robots inspired by mantas and rays, which are the topic of the following chapter.

2.2. Flagellar propulsion

Flagellar propulsion is the swimming mechanism adopted by several microorganisms called
flagellata, precisely. An example is shown in Figure 2.6, where the flagellum is the thin,
flexible filament attached to the cell. The flagellum either performs a whip-like motion
caused by the action of molecular motors distributed along the filament, or it assumes

the form of a helix, rotating about its axis [69, 72].

Figure 2.6: Protist Peranema seen at the microscope with its flagellum

Due to their small dimensions, the Reynolds number of flagellates ranges from 10~* to 1,
meaning that the inertia forces are negligible with respect to viscous forces and that the

drag force dominates the motion. Since inertia contribution is irrelevant, the generated
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thrust depends only on the propeller’s position during a cycle, and that any symmetric
motion, like the flapping of the caudal fin of a fish, at this scale, would not result in a
net forward movement. Thus, propulsive organs of microorganisms are either featured
by non superimposable mirror images, like helical swimmers, or they assume different
geometries during the cycle, like in the planar wave propulsion [129]. In planar wave
prpulsion, the motion of the flagellum is a wave propagating in a direction opposite to
swimming and it is possible to assume that the flagellum is deformable, and that the
amplitude of oscillations is much smaller than their wavelength [69]. The principle at the
base of flagellate propulsion is the anisotropy of viscous friction, and it can be understood
looking at Figure 2.7, where the forces acting on an infinitesimal element of the flagellum

are shown.

Figure 2.7: Physical interpretation of the drag-induced propulsion for flagellate organisms,
Lauga, Rep. Prog. Phys. (2009) [69]

Any element of the filament moves in a direction perpendicular to the motion direction,
and its tangent is rotated by an angle 6 with respect to its local velocity. The velocity
can be projected on the local normal and tangential directions, and the same can be done
for the drag force, which is opposite to the element velocity. Because of the difference
of drag coefficient in the normal and tangential directions, the drag force does not have
the same direction as the element velocity, but a component in a perpendicular direction
arises. This component is the propulsive force generated by the flagellum [69]. The same
principle is also valid for more complex flagellar deformations, such as the helical motion,
which induces a three-dimensional flow. The power exerted by the flagellum on the fluid is
directly proportional to kinematic viscosity if the internal work of deformation is neglected
[69]. A similar simple undulatory mode of propulsion is at the base of the swimming mode
of the majority of aquatic animals, even though the difference in shape and size make the

flow around them very distinct [72].
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This kind of propulsion does not show great swimming performances. However, it is
studied to develop biomimetic microscopic robots that could reach inaccessible places
inside the human body to perform minimally invasive surgery, localized drug delivery, or
screening for diseases at early stages [129]. In Figure 2.8, a biomimetic robot inspired
by flagellates is presented. It uses a flexible paramagnetic filament, which deforms like a

flagellum in response to the variation of an external magnetic field [69].
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Figure 2.8: Biomimetic robot exploiting flagellate propulsion, Lauga, 2009, University of
California [69]

2.3. Jet propulsion

The jet propulsion mechanism is exploited by several invertebrates such as jellyfish,
octopus, scallop, and squid. It consists in filling with water a cavity and expelling it
at greater velocity. This kind of locomotion can be subdivided into three categories: bell
constriction, mantel constriction, and shell compression, shown in Figure 2.9. They differ
according to the different organs driving the movement, but the basic principles are very
similar. In this paragraph, only the locomotion strategy of the jellyfish is described since

the other two are analogous and only differ for geometry and dimensions.

Bell constriction Mantel constriction

Jellyfish Octopus
Cuttlefish
Squid

Figure 2.9: Simplified classification of biological jet propulsion swimming mechanism
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The jellyfish’s body is mainly composed of a bell, also called umbrella, shaped like a
hemiellipsoid, with some tentacles attached. These animals periodically contract and
relax the muscles of the bell, ejecting water during the constriction phase of the bell.
Consequently, the animal receives a forward thrust, so movement is possible. However,
the generated propulsive force is small, and the motion of jellyfishes is strongly affected

by currents, which are impossible for them to resist [111].

The propulsive mechanism adopted by the jellyfish can be understood by analyzing the
vortices shed in the wake during a contraction and expansion cycle, shown in Figure 2.10
[45].

vorticity (s™!) velocity (mm s~!)

Figure 2.10: Vorticity and velocity vector around the bell margin of a jellyfish, Gemmel
Proc. R. Soc. B. (2020) [45]

During the contraction phase, the water is ejected backward from the center of the bell,
and due to the reduction of volume, the pressure inside the bell is higher than outside.
Thus, at the bell margin, water moves outwards, generating a toroidal vortex, called
starting vortex, shed in the wake at the end of the contraction phase. When the expansion
phase begins, a vortex rotating in the opposite direction, called stopping vortex, is formed
inside the bell, as water is sucked inwards. This vortex remains inside the bell after the
bell expansion, and it interacts with the starting vortex that forms as another contraction
phase begins. At the interface between stopping and starting vortices, near the bell
margin, there is a convergent backward flow that increases the velocity of the ejected
fluid and the strength of the starting vortex, enhancing the swimming performance of the
jellyfish. The stopping vortex vanishes, and in the wake, only starting vortices can be
observed, which form a jet flow directed downwards in the center of the bell [45, 54]. The
vortex interface acceleration is a fundamental feature of this type of locomotion, and it
has been observed that it improves of 30 % the swimming speed and of 40% the propulsive
force [45].
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This locomotion principle has been used for the realization of Robojelly, shown in Figure
2.11a, which is made of soft silicone and it uses bioinspired composite shape-memory-alloys
(SMA) to actuate the bell [131]. Another example of a robot inspired by the jellyfish is
shown in Figure 2.11b, whose bell is driven by ionic polymer metal composites [89]. In
Figure 2.11c, a miniaturized soft jellyfish robot is presented, capable of five different

swimming modes and featured by high maneuverability [97].

& 9
(a) Robojelly, Villanueva, 2011, (b) Jellyfish robot wusing (c) Miniaturized
(CIMSS) Virginia Tech [131] IPMC, Najem, 2012, Virginia  jelyfish  robot,
Tech [89] Ren, 2019, Max

Planck Institute
for  Intelligent
Systems [97]

Figure 2.11: Bioinpsired jellyfish robots
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2.4. Body-caudal fin (BCF)

The body-caudal fin swimming strategy consists of the generation of a traveling wave
along the fish’s body in a direction opposite to the swimming movement. This wave
travels faster than swimming velocity, and it has an increasing amplitude toward the tail.
As a result, the wave accelerates water backward, and the fish gains a forward thrust
because of momentum conservation. This movement of the fish is called undulatory if the

length of the body is smaller than half wavelength, and oscillatory otherwise [111].

Body-Caudal fin swimming

Anguilliform Subcarangiform Carangiform Thunniform

(—) Wavelength 9
UNDULATORY OSCILLATORY
9 % of the body involved in propulsion @

Figure 2.12: Classification of BCF swimming modes according to the wavelength and to

the percentage of the body contributing to propulsion movement

The Body-caudal fin locomotion is typical of the majority of fishes and of the totality
of cetaceans, and BCF swimmers can be subdivided into four main categories, created
just to classify the kinematics of locomotion, without any connection with taxonomy, as
shown in Figure 2.12 [105, 111|. As it is possible to observe in Figure 2.12, there is no
neat distinction between categories. However, the body’s movements change continuously
from the undulatory motion of the whole body typical of anguilliforms to an oscillatory

motion involving only the tail characterizing thunniforms.



36 2| Hydrodynamics of swimming

2.4.1. Anguilliform swimming

Anguilliform swimming is the category showing the largest body undulation among BCF
swimmers. This category includes eels, lampreys, salamanders, and swimming snakes
with long, slender, and highly flexible bodies. A wavelength shorter than the length of
the body ensures that all lateral forces are always perfectly balanced, but it also implies
that the wave propagation velocity is small. Thus, these animals swim rather slowly, not
exceeding 0.3m/s. Nevertheless, several migratory fish, like many species of eels, adopt
this type of locomotion, suggesting that its energy efficiency must be high to allow such a
long endurance. Furthermore, these animals are extremely agile, being capable of turning
with a small curvature and even swimming backward [105]. Examples of anguilliform

swimming animals are presented in Figure 2.13.

(a) Blue ribbon eel (b) Swimming snake (¢) Lamprey

Figure 2.13: Anguilliform swimmers

The flexibility of their body is due to the high number of vertebrae (> 100), and it can
be reproduced in bioinspired robots using a modular structure of actuators and joints,
similar to the structure of crawling snake robots.

An example of a robot of this kind is Amphibot, shown in Figure 2.14a. It is a modular
robot in which every module is a box containing an actuator for the neighboring module.
This robot floats on the water surface, and it is capable of just in-plane movements.
Its swimming velocity is comparable to a human’s, and it can perform rapid and agile
maneuvers. Moreover, it is an amphibious robot as it can also crawl on land, exploiting
the same principles as snake robots [25].

A similar anguilliform robot is the Mamba, shown in Figure 2.14b, and its modules contain
two actuators. Thus the robot is capable of performing 3D movements. This robot is
equipped with force contact sensors, so it can measure environment contact forces, which

could be useful to perform complex operations underwater [75].
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(a) Amphibot, Ijspert, 2017, EPFL [61] (b) Mamba, Liljeback,
2014, Norwegian
University of Science
and Technology [75]

Figure 2.14: Robots inspired by anguilliform swimmers

2.4.2. Subcarangiform and carangiform swimming

The subcarangiform and carangiform swimming strategies are very similar, and they both
involve the propagation of a wave along the fish’s body. For subcarangiforms the body
undulation also involves the fish’s head, which performs a limited amplitude motion,
whereas carangiforms only move the posterior part of their body. Conventionally, a fish
is considered subcarangiform if it moves more than one third of its body and carangiform
if movements are concentrated in the posterior part of the body. Carangiforms have a
stiffer body than subcarangiforms and anguilliforms, so they do not show excellent turning
capabilities, but they can swim faster. Subcarangiforms’ and carangiforms’ bodies are
shorter than a complete wavelength; thus, lateral forces are not balanced. In order to
reduce the tendency to recoil, their mass is concentrated in the anterior part of their
body, which performs a limited movement, and the thickness of their body is reduced
near the attachment of the caudal fin [111]. Both categories include a huge variety of
fish species with different sizes and swimming speeds, and, in general, they are considered
efficient swimmers. In Figure 2.15 some examples of subcarangiform fishes are provided,

and Figure 2.16 shows examples of carangiform fishes.

(a) Salmon (b) Trout (¢) Sturgeon

Figure 2.15: Subcarangiform swimmers

There is a great variety of robots inspired to subcarangiform or carangiform swimmers, in

general, composed of a large rigid head, housing for electronics and batteries, and three
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(a) Herring (b) Piranha (¢) Swordfish

Figure 2.16: Carangiform swimmers

or four links in series reproducing the kinematics of the posterior part of the body and
the tail. A robot of this kind is the G9 fish, shown in Figure 2.17a, whose motion is
characterized by three links in series actuated independently by servomotors. Its skin is
covered with rigid scales overlapping each other, and it is capable of highly maneuverable
turns [57]. The Carp robot, shown in Figure 2.17b, is featured by with a rigid head and
a flexible tail actuated by five links in series. This robot can swim up to 0.6 m/s, and
is also equipped with pectoral fins, which enhance the turning capabilities, and with a
ballast pump controlling buoyancy [60]. Another bioinspired carangiform robot is shown
in Figure 2.17c, it has a small rigid head, and the rest of its body is composed of four
links and a rigid tail. In addition, several proximity sensors are mounted on the robot to
avoid obstacles and plan its trajectory to reach the target position following the shortest
path [64].

(a) G9 Fish, Hu, 2006, (b) Carp (c) Carangiform robot, Koca, 2016, Firat
University of Essex [57] Robot, 2007, University [64]

MHI Solution

Technologies ®

[60]

Figure 2.17: Subcarangiform and carangiform inspired robots
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2.4.3. Thunniform swimming

Thunniform animals are characterized by a streamlined body and a sizeable rigid tail
performing large oscillations. In thunniform locomotion, only the rearmost quarter of the
body takes part in propulsion-generating movements, and most of the thrust is generated
by the tail, which for many species assumes a half-moon crescent shape, and it is called
lunate tail. These animals are usually predators in the high levels of the food chain, and
they have evolved to maintain high cruising speeds for long periods and reach great burst
acceleration.

Thunniform swimming is typical of varied groups of animals, such as teleost fishes, sharks,
and cetaceans, so that it is considered a culminating point of the natural evolution
of swimming strategies, as animals with different evolutionary paths have developed
such similar swimming kinematics. The only difference between thunniform fishes and
cetaceans is that fishes move their tail laterally, and cetaceans move it vertically, but the
form of the traveling wave and the fin’s geometry are very similar. The thrust generation
is dominated by the lift force acting on the fin, and it is considered among the most
efficient swimming strategies found in nature [105, 111].

Thunniforms outperform in velocity all the other swimming modes. The fastest cruising
animal belongs to this category, and it is the killer whale, able to maintain a constant
velocity of 4m/s for days. The black marlin, too, the fastest animal in absolute, is a
thunniform swimmer, able to reach a speed of 36 m/sfor a few seconds as it leaps out
of water. However, the kinematics of thunniform swimming is not optimized for agile
maneuvering and rapid direction changes. In Figure 2.18, some animals belonging to this

category are displayed.

(a) Tuna (b) Killer whale (c) Mackerel

Figure 2.18: Thunniform swimmers

Such outstanding performances of thunniform swimmers have triggered the interest in
developing many bioinpsired robots mimicking this kind of locomotion. An example is
So-Fi, a soft fish robot inspired by the tuna, similar in size and performance to its natural

counterpart. Its tail is flexible, and it is moved by fluidic elastomer actuators. In addition,
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it is featured by a buoyancy control chamber to perform diving maneuvers. The robot,
shown in Figure 2.19a, can swim at several meters of depth and it is controlled wireless
using ultrasounds [62].

Another robot designed to reproduce this locomotion strategy is the Dolphin robot, shown
in Figure 2.19b, which can reach a swimming speed of 2m/s and leap out of the water,
like real dolphins. Two DC motors drive the posterior part of the body and the tail, and
three servomotors move the two pectoral fins and the neck to improve the agility during

turning and leaping [144].

D 57
i

(a) So-Fi, Katzschmann, 2018, MIT  (b) Dolphin Robot, Yu, 2016, Chinese Academy
[62] of Sciences [144]

Figure 2.19: Biomimetic robots inspired by thunniforms

2.4.4. Ostraciiform swimming

The ostraciiform swimming strategy is a particular category, which lies in between BCF
and MPF swimming since they simultaneously use all their fins to generate thrust, so
they perform a complex combination of movements involving pectoral, dorsal, anal, and
caudal fins.

This category includes a small variety of fishes, among which the cowfish and the boxfish,
shown in Figure 2.20a, are the most representative examples. These fishes have a rigid
body, and they move their fins like paddles without showing any wave propagation. They
swim very slowly, and their energy efficiency is poor, but they have developed great

agility in maneuvering, as they live in narrow spaces among rocks in coral reefs [105, 111].

A robot inspired to the boxfish, shown in Figure 2.20b, has an entirely rigid body
subdivided into many compartments to host motors and electronics, each fin has one
degree of freedom, and the main contribution to thrust is given by the caudal fin, whereas

the pectoral fins are used for maneuvering [84].
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Caudal fin
(tail)

Right
pectoral fin

pectoral fin

(a) Boxfish (b) Boxfish Robot, Mainong,
2017, Universiti Malaysia [84]

Figure 2.20: Boxfish and biomimetic boxfish robot

41
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2.5. Median paired fin (MPF)

Median-Paired fin swimming

Anal/dorsal fins
Gymnotiform UNDULATORY

Pectoral fins

Diodontiform

THozmem<>g ()

Labriform
o Nasis
OSCILLATORY [ s

Figure 2.21: Classification of MPF swimming modes according to the wavelength and to

the fins used for propulsion

Median paired fin swimming strategy includes a large variety of animals of different sizes
and shapes. A first classification can be done by dividing fishes that use the dorsal and
the anal fins from fishes using pectoral fins, and in these subcategories, swimming modes
can be classified according to whether they are undulatory or oscillatory. In the same
way, as BCF swimmers, they produce a traveling wave on the fin to push water backward
to receive a forward-directed force. The classification of MPF swimming modes is shown

in Figure 2.21.
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2.5.1. Amiiform, gymnotiform and balistiform swimming

Amiiform animals swim by undulating their dorsal fin, which runs over the entire length of
their body, and it is composed of a flexible membrane that is moved by compact fin ribs.
These fishes are slow swimmers, but they are quite agile, as they can swim backward,
inverting the direction of wave propagation, and they can tilt the axis of their fin to
generate lateral forces and moments for turning. Amiiform swimming is characteristic of
a small number of species, like the bowfin and the Aba Aba knifefish, shown in Figure
2.22a [105].

Gymnotiform fishes are analogous to amiiforms, as they move their anal fin in the
same way as amiiforms move their dorsal fin, so their swimming performances are
comparable. Amiiforms and gymnotiforms are ambush predators and prefer living in
closed environments near the seabed, where they can hide to protect from larger predators
and ambush their prey. Gymnotiforms swimming too is characteristic of a few species,
one of which is the ghost knifefish, shown in Figure 2.22b [105].

Balistiform fishes generate a traveling wave on both their dorsal and anal fin to achieve
propulsion, and their fins are usually shorter than those of amiiform and gymnotiforms.
Their body is flat and compressed laterally, and they have a caudal fin that they
occasionally move to increase endurance [105]. The most common species found in this

category is the triggerfish, shown in Figure 2.22c.

e, . ) 2 I s
(a) Aba Aba knifefish - (b) Ghost knifefish - (c) Triggerfish -
Amiiform Gymnotiform Balistiform

[Migure 2.22: Amiiform, gymnotiform and balistiform fishes

The Bionic Undulating Fin Robot, shown in Figure 2.23a, is characterized by a locomotion
strategy inspired by amiiform swimming. Tts dorsal fin comprises a thin membrane
enclosing some rigid equispaced ribs. Each rib is actuated by a scotch-yoke mechanism,
which takes its motion from the rotation of a cam. A single motor drives all the fin ribs,
as all the cams are mounted on the same shaft with a proper relative angle to obtain a
traveling wave. In a successive version of this robot, ribs are actuated independently to
allow more flexibility in the choice of kinematic parameters [142]. The Robotic Knifefish,
shown in Figure 2.23b, is inspired by the black ghost knifefish and it falls into the
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gymnotiform category. It is featured by a rigid body and a flexible anal fin composed of

20 ribs, each actuated independently by a servomotor [27].

)
o

o —

UFTRETPTTSPRUTo—_

(a) Bionic Undulating Fin (b) Robotic Knifefish,  Curet, 2011,
Robot, Xie, 2016, National Northwestern University [27]

University of Defense

Technology [142]

Figure 2.23: Robots insired by amiiforms and gymnotiforms

2.5.2. Tetraodontiform swimming

Tetraodontiform swimming mode is very particular, and only a minimal number of species
belong to this category. The ocean sunfish, shown in Figure 2.24, is the largest and the
most representative. Its body is 2m wide and it is featured by very tall dorsal and anal
fins. Its body is rigid and does not have a caudal fin, so it propels itself only with the
paired movements of dorsal and anal fins, which show an oscillatory behavior since the
ribs moving the fins have a very small phase difference. This kind of locomotion does
not allow high speed, and its energy efficiency is lower than other fishes. In addition, the
large size of the fish and the small force developed by the fins make it also very clumsy in
maneuvering in closed environments. For these reasons, there is no interest in developing

robots inspired by this category of fishes|[105].

Figure 2.24: Ocean Sunfish
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2.5.3. Diodontiform swimming

Fishes found in this category use undulating pectoral fins and oscillating dorsal and anal
fins to generate thrust. The movement of their pectoral fins is quite complex since a wave
with a very short wavelength can be superimposed to an oscillation of the fin with a longer
wavelength. The most common examples of diodontiform fishes are the porcupine fish
and the pufferfish, shown in Figure 2.25. They live in shallow water reefs, and they are
slow and quite inefficient swimmers, relying on spines or poison to chase away predators
[105].

Figure 2.25: Pufferfish

Due to their poor swimming performances, diodontiform fishes are not a source of

inspiration for biomimetic robots.

2.5.4. Rajiform swimming

Rajiform swimming is typical of fishes like skates and rays, belonging to the order
Batoidea. Batoids are characterized by a unique morphology, having dorsoventrally
flattened bodies and large pectoral fins fused to the head, forming a wide flat structure,
with the shape of a disc or diamond [98, 99].

Their fins are extremely flexible, since their skeleton is made of cartilaginous ribs extending
laterally from the body into the fin, as shown in Figure 2.26 [99, 105].
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(a) Skeleton of the Common Stingray, Salazar, Ocean (b) Skeleton of the Potamotrygon
FEnigeering (2018) [105] Motoro, Rosemberger, J. Exp. Biol.
(1999) [98]

Figure 2.26: Skeletons of batoid fishes

These ribs are moved individually in a vertical direction, creating a wave along the fin
length, whose kinematics differ according to the species. Fishes with both undulatory
and oscillatory behaviors are found in this category, as shown in Figure 2.27, where
some batoid species are presented, highlighting the number of waves present on the fish’s
body during its movement. It is possible to observe that batoid fishes fully occupy the
continuum between oscillation and undulation and that the shape of the fins passes from
being circular for fully undulatory locomotion to being triangular for fully oscillatory
locomotion. Many species lying in the middle of this continuum can vary their wavelength
to get the advantages of oscillatory or undulatory swimming according to the situation.

The completely oscillatory swimming mode of batoids can also be called Mobuliform [98|.

Zor-HpHCUOZG

Taeniura Lymma Dasyatis Americana Gymnura Micrura Rhinoptera Bonasus Manta Birostris
(1.4) (1.1 (0.6) (0.4) (0.15)

ZOo+HHPpHEHRO®WQO

Figure 2.27: Batoid fishes ordered according to the number of waves along the fish body

during swimming

Undulatory pectoral fins have evolved to optimize their flexibility, as this feature is not
only fundamental for the generation of the traveling wave, which allows propulsion, but

also for feeding. These fishes live near the seabed, and they hunt smaller prey with
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a tactic called tenting. They cover their prey with their body and trap it by pressing
the edges of their fins against the seabed so that it cannot escape. Fins with extreme
flexibility make these fishes extremely agile in turning maneuvers, giving them the ability
to perform turns with a very small or even null curvature radius [49]. On the other side,
oscillatory pectoral fins do not show this level of multifunctionality, and they have evolved
only to optimize swimming performances. Although very flexible, they are slightly more
rigid than undulatory batoid fins, particularly in the region surrounding the leading edge,
where stress concentration is the highest. This gives them the possibility of generating
more thrust and achieving a higher speed, with the drawback of reduced maneuverability.
These fishes live in pelagic environments and may exploit oceanic currents to glide,
moving without consuming energy. Moreover, some species, like the giant manta, never
stop swimming throughout their entire lifespan because they need to keep in motion to
push oxygenated water into their gills and absorb plankton with their mouth, suggesting
that their motion is characterized by a high energy efficiency [49]. Some batoids are
negatively buoyant, and their fin movements are slightly asymmetric, with a downstroke
more powerful than the upstroke, so that they can generate a lift force in a similar way
to the flapping flight of birds [107].

The difference between undulatory and oscillatory swimming can be appreciated by
looking at Figure 2.28, where the fin deformation of three different species occurs during
fin movement. It is possible to note that the Dasyatis Sabina (Figure 2.28A) shows more
than an entire wavelength along its body, while the Gymnura Micrura (Figure 2.28B)
exhibits approximately one wavelength, and the Rhinoptera Bonasus is characterized by
a more oscillatory behavior, with less than a half wavelength along its body [98].

The differences in fin movements not only concern the wavelength but also amplitude
and frequency of motion vary among the species. It has been observed that undulatory
species, characterized by a shorter wavelength, exhibit a small amplitude of fin movement,
about 0.2 ~ 0.3 times the fin width, since their stretching capability is limited, despite
the high flexibility of the fins. The frequency of the fin movement is quite high, and it can
reach 3 Hz for Dasyatis Sabina. Conversely, oscillatory species display less than half of a
wave along the fin length; thus, they can exploit all the flexibility of their fins to achieve
a high amplitude of movement, up to about 0.4 ~ 0.5 times the fin width. The frequency
of fin movement decreases as the locomotion behavior becomes more oscillatory, with the

cownose ray moving their fins at about 0.9 Hz and the giant manta at about 0.3 Hz.
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=

Figure 2.28: Successive lateral video images of (A) Dasyatis Sabina, (B) Gymnura Micrura
and (C) Rhinoptera bonasus, Rosemberger, Journ. Ezp. Biol. (2001) [98]

Being the frequency inversely proportional to the wavelength, the propagation velocity
of the wave on the fin, normalized with respect to the fish size, is approximately the
same for all batoids. Moreover, the ratio between the swimming speed and the wave
propagation velocity is 0.8 ~ 0.9 for all species [98]. This implies that the water is
pushed backward by the traveling wave with a velocity just slightly greater than the
relative velocity between the fish and the surrounding water, meaning that the energy

lost in the wake is a small fraction of the consumed energy, and the efficiency of rajiform
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swimming mode is very high, reaching 90% for the largest species, and making them

efficient swimmers on a par with thunniform fishes [39].

Different behavior between oscillatory and undulatory species is also observed during
turning maneuvers, as shown in Figure 2.29. Fishes with a more undulatory behavior
perform turning maneuvers propagating waves on the fins in opposite directions so that
they generate two equal and opposite forces on the two fins, which produce a moment
about the yaw axis. This technique gives them very high maneuverability since they
can curve even with a null curvature radius. However, this kind of maneuver is quite
energy demanding since their wide flat shape is characterized by a significant moment of
inertia about the yaw axis, so that high forces need to be generated on the fins. Instead,
fishes with a more oscillatory swimming mode do not need such small curvature radii,
as they tend to live in pelagic environments where no obstacles are present; thus, they
prefer using a more energy-efficient turning maneuver called banking, which is similar
to the one performed by airplanes. During turning, they stop fin flapping, and, assisted
by the high swimming velocity, they glide by tilting their body about the rolling axis so
that the generated lift force is directed laterally, and a moment about the yaw axis is
produced. Fishes do not consume energy to move their fins during this maneuver, but the
curvature radius is large. Some species with behavior between fully undulatory and fully
oscillatory can perform a combination of these two maneuvers, banking and generating

small amplitude waves on their fins [91].

-~ ol

2 i o >
(a) Turning maneuver of a bat ray (b) Banking maneuver of a giant
(undulatory) manta (oscillatory)

Figure 2.29: Different turning maneuvers of batoid fishes
The high efficiency of rajiform locomotion, combined with their excellent turning

performances, makes these fishes a valuable source of inspiration for many biomimetic

robots, which are described in the following chapter.
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2.5.5. Labriform swimming

The labriform swimming category includes most MPF swimming fishes, like wrasses and
parrotfish, shown in Figure 2.30. They adapted their swimming strategy to live in closed
quarter environments, so they swim at low speed and are very agile in turning and diving

maneuvers.

(a) Wrasse (b) Parrotfish

Figure 2.30: Labriform fishes

The fin movements of labriforms are of two types: flapping and rowing. Rowing motion
consists of a power stroke when fins are moved backward and towards the body axis and
a recovery stroke when the fins are brought forward. During the recovery stroke, the fins
are more open than in the power stroke to allow water to pass through the fin and reduce
the drag force.

Nevertheless, the energy efficiency of this motion is very low, and the generated thrust
is discontinuous, as only the power stroke contributes to propulsion. On the other hand,
flapping motion is more efficient because the thrust is produced in almost all the phases
of fin movement, which consists of a periodical vertical displacement of the leading edge
while the rest of the fin remains passive.

The fin is moved downwards and away from the body in the first phase. Then, although
the fin’s leading edge is pushed forward, the downward movement gives it a high angle
of attack, generating lift on the fin, which is pulled forward. Then, the fin is moved
backward and toward the body, pushing water backward, and finally, the leading edge of
the fin is moved upwards while the fin is closed. The flapping mode allows to generate
a propulsive force in all phases of the movement; thus, it is more efficient than rowing

mode, but its efficiency is still not comparable to one of the other swimming modes [111].
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Figure 2.31: (a) Side view of rowing - (b) Top view of rowing - (¢) Side view of flapping -
(d) Top view of flapping, Sfakiotakis, IEEE Journal of Oceanic Engineering (1999) [111]

In Figure 2.31 the kinematics of fin motion for rowing and flapping modes of labriform

swimming are displayed.

In Figure 2.32a, a fish robot inspired to labriform swimming is presented. Two servomotors
actuate each fin of this robot: one is used to perform the basic flapping or rowing
movement, and the other to rotate the fin during flapping to change its orientation and
the angle of attack [115]. Many other bioinspired robots have pectoral fins, which mimic
labriform swimming, and an example is the robot shown in Figure 2.32b, which can
perform both flapping and rowing locomotion. In addition, its pectoral fins are connected
to the fish body with flexible feathering joints, which enhance swimming performances
at high frequencies of fin flapping, and it can use a caudal fin as a secondary way of

propulsion when a greater velocity is required [10].

Tail Motion capture markers
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(a) Labriform Fish robot, Sitorus, (b) Robotic fish

2009, Bandung Institute of with flexible pectoral

Technology [115] fins, Behbahani,
2016, Michigan State
University [10]

Figure 2.32: Biomimetic robots inspired by labriform fishes
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2.6. Hydrodynamic principles of fishes and cetacean
locomotion

Fishes and cetaceans move with a high Reynolds number, and their swimming propulsion
depends primarily on the inertia force. The fluid’s viscosity has an important role in
creating the vorticity shed into the wake, whereas the viscous drag causing skin friction is
of marginal importance, as it affects the flow only in a thin boundary layer surrounding
the body surface. This means that thrust generation and drag resistance can be studied
separately [138].

Both BCF and MPF swimming modes are characterized by a periodic motion of the
fins pushing water backward, so a forward thrust is obtained thanks to momentum
conservation. During constant velocity swimming, the momentum in the backward jet
created by the fin movement is counterbalanced by the momentum created by viscous

friction as the fish drags forward some of the fluid surrounding its body.

The mechanism of thrust generation is a very complex phenomenon, as it depends on
the pressure distribution of a three-dimensional, unsteady flow, where the interaction
between vortices is of fundamental importance. Moreover, each species is characterized by

a peculiar fin geometry and kinematics, which significantly affect swimming performances.

Nevertheless, the general basic principles behind fish propulsion, which are common to

both BCF and MPF swimmers, can be understood making some simplifications:

e inviscid flow: the role of viscosity is marginal in thrust generation; thus, the
propulsive forces can be analyzed considering only the variation of momentum in
the flow caused by the movement of the fins. The drag resistance acting on the

body surface can be studied separately.

e amplitude of fin displacement much smaller than body length: the fin
moves only in a direction perpendicular to the swimming direction of the fish, and
the amplitude of motion is much smaller than the fish length [73, 137, 139].

e fin of infinitesimal thickness: this assumption is valid for the vast majority of
MPF fishes and BCF swimmers having tails with a high aspect ratio, such as rays,
tunas, and sharks [73, 137, 139].

Lying on these assumptions, two models that capture the mechanism of fish swimming

propulsion have been developed, leading to similar results.
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2.6.1. Swimming of a waving plate

In the first model, developed by Wu, the fin can be regarded as a deformable flat plate,
producing a waving motion, as shown in Figure 2.33. The fin is considered to have an
infinite span, so to neglect the side effects occurring at the fin extremities. These are
different for every fish species and give rise to a spanwise flow of secondary importance.

Thus, the flow can be considered only two-dimensional [139).

=
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Figure 2.33: Plate of infinitesimal thickness producing a waving motion

The flow generated by the plate satisfies the continuity equation and the Navier-Stokes

equation for incompressible and inviscid fluids (Eq. 2.7), where v = (U + u)i + vj.

ov 1

— +(v-V)v=—-Vp

o V) p (2.7)
V-v=0

Considering the swimming velocity of the fish U constant and much greater than the fin
displacement velocity components in u and v, it is possible to simplify the Navier-Stokes

equation, obtaining Equation 2.8.

a_V+Ua_V—_

1
== 2.
ot ox p VP (28)

The acceleration of the fluid is also equal to the gradient of a function ¢(x,t), called
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acceleration potential, defined as follows:

o Po — P
o(x,t) = P (2.9)

where p, is the pressure of the fluid at infinite distance from the body.
Combining Equation 2.9 and the continuity equation (Equation 2.7) it is possible to
obtain:

Vi =0 (2.10)

This means that velocity and pressure fields can be found by solving the Laplace equation
for the acceleration potential. Moreover, working with the acceleration potential is
particularly convenient because it is a regular function in the whole domain, as pressure
is continuous everywhere inside the flow, particularly in the wake, unlike velocity that,

for an inviscid flow, may allow discontinuities in the wake [137].
The motion of the plate can be written in the most general form as:

L L
y = h(z,t) -5 <T<3 (2.11)

where L is the length of the plate, and the amplitude of h(x,t) and of ? are much
x

smaller than L.

The normal component of the velocity in correspondence of the plate surface is equal to

the velocity of the deformation of the plate itself, thus:

h h L L
0 +U8— for y = 0%, —5<T<3g (2.12)

UZE ox 2

The same boundary condition can be expressed in terms of the potential ¢(x,t):

dp  0*h 0%h ,0*h L L L
oy = o + U6t8x+U o2 or y=0%, 5 <t <3 (2.13)

Since 8_¢ is an even function with respect to y, ¢ is an odd function with respect to y,
Y

and being ¢ also a regular function, it results that:

o(z,05,) =0  for |z| > (2.14)

N b

Since viscous forces are neglected in this analysis, the problem has infinite solutions, and

another boundary condition should be added to complete the definition of the problem. It
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is necessary to impose the Kutta condition at the trailing edge of the plate, which means
that, for a constant velocity U, the streamlines on the top and bottom sides of the plate

are parallel. This condition can be expressed as:

6(5.0%,1)] < o0 (215)

The solution of Equation 2.10 satisfying the aforementioned boundary condition can be
found by expressing h(z, t) as a Fourier series and making use of conformal transformations
[137]. Having found the potential ¢ the pressure difference across the plate can be

evaluated, according to Equation 2.9:

Ap = p [¢(z,07,t) — ¢(z,07,1)] (2.16)

Hence, the forces acting on the plate can be found by integrating the pressure difference

on the plate surface:
L

L:/2 Apdx

T:/ Ap (%) de +Ts =T, + T,

L ox
2

& ol

(2.17)

)

where L is the lift force, i.e. the force acting in the y direction, normal to the plate,
and T is the thrust force, acting in the x direction. This last is characterized by two
contributions, the former 7}, is due to the pressure difference across the plate, the latter
T is due to the pressure singularity next to the leading edge, and it is called leading-edge
suction [137]. Since the thickness of the plate is zero, the flow is required to make a
1