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INTRODUCTION 

All the objects in water, including underwater robots, are affected by flow. Even 
very large robots working in oceans are constantly being carried by currents. 
For small robots, however, the flow influence is extreme. Especially if these 
robots have to work in rivers, streams, canals and other turbulent and fast-
flowing environments. Therefore, it is clear that such autonomous underwater 
vehicles need to take flow into consideration. To do that, robots first need to be 
aware of the flow, and then they have to be able to adapt to the flow. Flow 
awareness means that the robots need to sense the water movement and they 
have to be able to understand how the movement will affect them. Adaption to 
the flow means that they need to change their behavior and movement 
according to what they sense. 

At the moment there are no good methods available to sense the flow and to 
estimate its influence on the robot. The problem is partly solved for large 
vehicles by using acoustic flow measuring devices (acoustic Doppler current 
profilers). Unfortunately, these devices are not suitable for small and medium-
sized vehicles because of the size and weight. Also, the influence estimation 
part of the problem remains largely unsolved, because the acoustic devices only 
measure the average bulk flow speed of the surrounding water, not the flow on 
the surface of the vehicle that actually affects it.  

Researchers have tried to solve this problem by taking inspiration from fish. 
Fish are very aware of the water movement around them thanks to the lateral 
line organ. Using the lateral line they can feel the flow on their body and act 
according to what they feel. For example they can adapt to the direction and the 
speed of the flow. They are also able to detect other objects in flow and they are 
even able to harvest energy from the vortices created by these other objects. 
Inspired by these great abilities, researchers have tried to understand and copy 
the mechanism and the functionality of the lateral line. Artificial lateral lines 
that have been created are already able to localize and identify moving objects, 
detect vortices created by the bodies upstream and even increase the efficiency 
of propulsion by using these vortices. Most of these studies, however, have been 
conducted using static sensor arrays or platforms with very limited degrees of 
freedom. Also the algorithms that have been used are mostly too complex and 
inefficient to run in real time. Therefore, artificial lateral lines are today not in 
use to control underwater vehicles.  

The lack of suitable sensing mechanisms also induces a problem with the flow 
adaption. The vehicle cannot be controlled according to the flow if there is no 
information about the flow. However, the flow adaptability does not have to be 
only active (control-based), but can also be passive. It means the robot can be 
mechanically adapting to the water movements. The underwater vehicles in use 
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at the moment are rigid and therefore are not passively adapting to the currents 
and vortices. The current solution for making them less prone to be manipulated 
by the weaker currents is to make them larger and heavier. But this solution also 
makes them useless for many types of environments where these currents are 
the main problem. For example shallow riverbeds, rocky bottoms and between 
human-made underwater structures like bridges and dams are such kind of 
environments. However, if the vehicle was made soft and flexible, the vortices 
would bend the robot instead of moving the whole body. Soft underwater 
vehicle could therefore be much better solution for riverine environments. In 
rivers and canals there are many small eddies and currents that the soft vehicle 
could neglect thanks to its passive properties. Soft underwater vehicle could 
also be much safer to the surrounding environment, including the animals and 
humans swimming together with it. It would be more durable to collisions than 
rigid vehicles. Another advantage would be that it is much less likely to getting 
tangled in different water-plants and human-made objects that are common in 
rivers. 

I propose an approach to address the flow awareness and the flow adaptability 
problems. I claim that an artificial lateral line can be simply and effectively used 
to control an autonomous underwater vehicle in real time. A small array of 
artificial lateral line pressure sensors is enough to navigate a rapidly moving 
vehicle in steady flow as well as in a wake of an object. I demonstrate this by 
developing a soft-bodied fish-robot. The robot carries 5 commercial pressure 
sensors that I show is enough to get information about flow speed, direction and 
regimen, and to navigate in a vortex street behind an object. The vehicle itself is 
propelled by a compliant tail that mechanically adapts to flow and is therefore 
suitable for rapidly flowing environments. 

Figure 0.1 – Illustrative figure of the fish-robot developed in this thesis. The robot is 
swimming in a flow-tunnel in turbulent water behind a half-cylinder. 
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More specific scientific contributions of this thesis are following: 

• Developing a novel type of fish-robot which incorporates soft-body 
actuation and artificial lateral line. 

• Showing that fish-like swimming can be achieved with a compliant 
body whose geometry and elasticity distribution are mimicking these of 
a real fish. The body can be actuated from a single point instead of 
mimicking the distributed muscle actuation of biological fish. 

• Proposing a Myometry-driven approach for identifying the fish body 
properties and using these properties in a design of biomimetic fins. 

• Developing a gravity-based methodology for identifying the stiffness 
distribution of fish. 

• Developing an experimental methodology for validating the dynamics 
models of the biomimetic oscillating fins used in our study. 

• Proving that an artificial lateral line consisting of pressure sensors can 
be used for real-time control of underwater robot with respect to flow. 

• Demonstrating a use of pressure-based Braitenberg control for 
achieving rheotactic behavior of an underwater robot  

• Developing a methodology for identifying the flow velocity using 
artificial lateral line pressure sensors. 

• Developing a methodology for controlling an underwater robot to hold 
station behind an upstream object using signals from artificial lateral 
line. 

• Showing that this methodology helps underwater robot to save energy 
by using hydrodynamic shadow of an upstream object. 

This thesis is divided into two main parts: compliant fish-robot development 
and flow-relative control. In the robot development part I concentrate on the 
design of an underwater vehicle with a single actuator and a soft tail. I will 
describe the methods used for building the vehicle and address the main 
problems arising with our design. The most important issue with compliant 
robotic fish tail is the design of its material and geometrical properties.  I have 
used several different methods to find these properties. I describe and compare 
these methods in the robot development chapter.  

In the flow-relative control part I show how the vehicle can be controlled using 
artificial lateral line pressure sensors. I implement station holding in a steady 
stream and in the wake of a buff object. I also show navigation with respect to 
the flow in periodic turbulence and show that our method reduces vehicle’s 
energy consumption. 

The mentioned main parts of the thesis are preceded by the background research 
chapter to give an overview of the related studies and to emphasize the 
scientific importance and applicability of the current study. The author’s 
publications, on which this thesis is based, are added to the Appendix. 
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1 BACKGROUND  

Developing a compliant fish-like robot with an on-board biomimetic flow 
sensing is a topic that cannot be easily categorized into any specific research 
field. It is a multidisciplinary work that involves background from several 
seemingly very different areas. Robotics, biology, fluid dynamics and soft body 
modelling are all part of this study. Therefore, this chapter is not only a narrow 
overview of previous work done about fish-robots with flow-sensing. It instead 
gives a more general introduction to related topics to place the thesis into 
scientific context. 

The Section 1.1 gives an overview of traditional underwater robotics that to this 
day does not use fish-like flow-sensing. We describe the current situation of 
underwater robotics, its challenges, and most importantly, methods for 
reckoning the flow. The Section 1.2 describes how the nature has done the 
things described in Section 1.1. We show how fish are swimming and how they 
take the flow into consideration. The Section 1.3 shows what people have taken 
from Section 1.2 to improve the work in Section 1.1. From there you can find 
out about fish-robots, artificial lateral lines and fishlike behaviors of robots. 

1.1 Traditional Marine robotics 
Underwater environment is one of the most difficult places for a man to be in. 
Mass of water creates a hydrostatic pressure that is not tolerable by the human 
organism. The maximum recommended technical diving limit using the most 
advanced technology is only 100 m. Beyond this limit human needs to use an 
atmospheric diving suit that has taken US navy diver to the maximum depth of 
610 m [1]. Both of these numbers are just a small fraction of more than 10 km 
depths that we can find in our oceans. Therefore, without special vehicles, most 
of the underwater world remains inaccessible for people. Water, however, 
covers more than 70% of our planet. This 70% of course includes the majority 
of our planets natural resources, is a habitat for a huge amount of different and 
still unknown plants and animals and also conceals much of the human history. 
Therefore, there is a very strong motivation to develop robots that work in seas, 
lakes and rivers. 

Marine robotics can be categorized into following groups: 

• Unmanned surface vehicles (USV) 
o Autonomous surface vehicles (ASV) 
o Remotely operated surface vehicles  

• Unmanned underwater vehicles (UUV) 
o Remotely operated underwater vehicles (ROV) 
o Autonomous underwater vehicles (AUV) 
o Intervention autonomous underwater vehicles (IAUV) 
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Unmanned surface vehicles are usually small boat-like crafts that are mostly 
used for bathymetric mapping and defense. Pioneering work on USVs has been 
done in MIT starting with their ARTEMIS robot developed in 1993 [2]. 
ARTEMIS was used to collect bathymetric data in the Charles River in Boston, 
MA [3]. Successful use of ARTEMIS has led MIT to the development of its 
successors ACES (Autonomous Coastal Exploration System) [4] and AutoCat 
[5]. USVs are nowadays commercially available and widely used. Some of the 
commercial examples are Evologics Sonobot [6] (Figure 1.1 right) and various 
products of ASV unmanned marine systems [7]. Such products are used for 
example as a moving long baseline navigation beacons [8], communication 
platforms, scientific survey vehicles or even as a naval targets for military 
trainings. Modern trends in scientific development of USVs is a use of wave 
[9], solar [10] and wind [11] energy to propel the vehicles during extra-long 
surveys.1 

Remotely operated underwater vehicles are the most common type of 
underwater robots. Most of them, however, are not actually robots at all 
according to the classical definition of this term. ROV’s are teleoperated by a 
human from a surface vessel through a long cable. They are usually well-
maneuverable vehicles for conducting different underwater inspection and 
manipulation tasks. To make operation as simple and intuitive as possible, 
ROVs are generally iso-actuated, have isotropic control properties and possess 
hovering capability [12]. Iso-actuation means that the vehicle is equipped with 
as many actuators as the number of the controlled degrees of freedom. Isotropic 
properties are ones that allow having equivalent system reaction capabilities in 
all the directions. Hovering capability allows the vehicle to stay steadily at a 
constant position. ROVs have already been in use since 60s. Early development 
was mostly funded by US Navy. They developed a “Cable-Controlled 
Underwater Recovery Vehicle” (CURV), which was used to recover objects 

1 All uncited images are made personally by the author of this thesis. 

Figure 1.1 – Left: Typical remotely operated underwater vehicle Hercules ROV being 
deployed for mission (Public domain, Wikimedia Commons); Right: Autonomous 
surface vehicle Sonobot designed by Evologics. 1 
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from the ocean floor [13]. Today classical ROVs are commercially widely 
available [14]. There are even open source projects that allow enthusiasts to 
build their own vehicles at home [15].  

Even if classical ROVs cannot actually be called robots, it is not true for very 
modern vehicles that are developed nowadays. Modern ROVs combine 
properties of teleoperation and autonomy. They use data from various sensors 
and localization mechanisms to assist human operator or to carry out semi-
autonomous tasks [16]. Recent ROV developments are concentrating on the 
improvements of the model-based control [17], visual servoing [18] and other 
image-based algorithms like 3D reconstruction of seabed [19].   

1.1.1 Autonomous underwater vehicles and applications 
Another class of UUVs is autonomous underwater vehicles (AUVs). AUVs are 
not tethered and they are fully on their own after deployed into water. They 
have to be able to conduct complicated underwater missions while running 
algorithms for navigation, localization, mapping etc. Human intervention is 
very limited due to the lack of fast and reliable underwater communication 
methods. Acoustic modems, which are used on these robots, allow sending very 
limited amount of data between the operator and the robot. Also the choice of 
sensor technologies that can be used under water is very narrow. When surface, 
aerial and terrestrial vehicles can rely on radio frequency devices (GPS, radio 
beacons) and different optical sensors (cameras, LIDARs), then underwater 
vehicles do not have this possibility. Radio frequencies do not propagate well in 
water and visibility is usually limited. AUVs have to deal mostly with acoustic 
signals. Artificial lateral line technologies are therefore most suitable for this 
class of marine robots. 

The first known autonomous underwater vehicles (AUV’s) were developed 
starting from the late 50s. One example is the SPURV (Self-Propelled 
Underwater Research Vehicle) developed in University of Washington [20]. 
Researchers used the vehicle to make conductivity and temperature 
measurements to support wave modeling [21]. SPURV displaced 480 kg, and 
could operate at 2.2 m/s for 5.5 hours at depths to 3 km. “The vehicle was 
acoustically controlled from the surface and could autonomously run at a 
constant pressure, sea saw between two depths, or climb and dive at up to 50 
degrees” [12]. Another pioneer of underwater robotics was the Epaulard 
constructed in the 70s. Epaulard was able to dive 6000 m and operate for 7 
hours with a velocity of 1 knot. It was equipped with acoustic positioning and 
communication and was designed for photographic and bathymetric survey of 
seabed [22]. 

From the end of 90s and the beginning of 2000s the availability of commercial 
AUVs and the development of new AUV technologies have greatly increased. 
The leading forces for the increase have been the defense and oil and gas 
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industry. Also a civil protection and scientific institutions have played a big role 
[12]. 

In defense industry there are many applications where AUVs are extremely 
beneficial. In most of these applications AUVs help to reduce risk to manned 
vessels and thus help to save human lives. US navy has described the current 
applications and needs for AUV technologies in their UUV Master Plan 2004 
[23] and US Department of Defense Unmanned Systems Integrated Roadmap 
2013-2038 [24]. In the master plan they define nine high priority UUV navy 
missions, which in the order of priority are:  

• Intelligence, Surveillance, and Reconnaissance (ISR)  
• Mine Countermeasures (MCM) 
• Anti-Submarine Warfare (ASW)  
• Inspection / Identification 
•  Oceanography 
• Communication / Navigation Network Nodes (CN3)  
• Payload Delivery  
• Information Operations (IO)  
• Time Critical Strike (TCS) 

At the moment the most mature technologies are available for mine 
countermeasures. For example U.S. Navy is using Hydroid’s REMUS 100 
vehicle [25] (Figure 1.2) which was first in service during operation Iraqi 
Freedom in 2003 [26]. REMUS 100 is a compact torpedo-shaped AUV with a 
depth rating of 100 m. It is modular and can be equipped with different 

Figure 1.2 – Left: NESSIE AUV developed by the Ocean Systems Laboratory of the 
Heriot-Watt University; Right: REMUS 100 AUV by Hydroid. 
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navigation and payload sensors. Due to its military-proven reliability, REMUS 
100 is widely used in many other fields except mine countermeasures. Some 
examples include Hydrographic surveys, harbor security missions, 
environmental monitoring, fishery operations etc. [27]. Other AUVs used in 
military service are for example HUGIN developed by Norwegian company 
Kongsberg [28], Battlespace Preparation AUV (BPAUV) by Bluefin [29] and 
Talisman by British company BAE systems.  

Another leading force in AUV development, oil and gas industry uses AUVs 
mainly for surveys to locate deposits and for pipeline and oil rig inspection. 
Large scale AUVs like C&C ASV 6300 [30] and Furgo Echo Surveyor II [31] 
are used for surveys. These vehicles are able to travel long distances (48 to 70 
hours with 4 knots operating speed) to map large areas of seabed. They use 
various sensors to detect areas of interest for oil companies. For pipeline 
inspection smaller and often more maneuverable AUVs are being used. 
Commercial software like SeeByte AutoTracker [32] is available for these 
platforms to automatically track the pipeline.  

Current challenges for industrial AUVs include autonomous inspection of more 
complex underwater structures [33] and autonomous intervention tasks. The 
vehicles that are able to conduct such intervention tasks form their own class: 
Intervention Autonomous Underwater Vehicles (IAUV). Such robots are 
currently being developed for tasks like object recovery [34] and valve-turning 
[35]. 

Besides the industry and military, researchers are also motivated to use and 
develop AUVs. The main application of AUVs in research is hydrographic 
survey. During hydrographic surveys researchers often need to measure various 
water parameters in deep water, over long time or over large areas. This can be 
done also with manned research vessels or static measurement stations, but 
AUVs provide some significant advantages. Most important of them are lower 
cost, higher range and better accessibility. 

High ranges and durations are achieved using gliders. Gliders do not use 
propellers to create thrust, but instead they change their buoyancy. Change in 
buoyancy creates up and down movement which is converted to forward motion 
using wings. The horizontal speed of gliders is typically around 1 km/h, but 
thanks to very low power consumption they are able to achieve great endurance. 
The Seaglider 1000 is able to travel up to 6000 km and has stayed in water for 
292 days [36]. Other popular gliders, SLOCUM [37] and Spray [38] are capable 
for similar durations. SLOCUM also has a thermal version that harvests energy 
from temperature variations with ocean depth.  

Better accessibility means that the AUVs can go to places that are very difficult 
to go with manned vessels. For example under ice explorations are one interest 
of research. Woods Hole Oceanographic Institution is using Remus 100 and 
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SeaBED vehicles to study conditions under polar ice [39][40]. These studies 
play a great role in understanding climate warming and ocean pollution. Also 
AUVs can collect survey data from depths that are difficult to achieve with 
towed vehicles. The deepest diving AUVs are REMUS 6000 [41] and 
Autosub6000 [42] that are rated for 6000 m missions.  

The abilities of these available deep-diving and under-ice exploration AUVs is 
only a fraction of what is planned to be developed in following years. There are 
several projects going on to develop AUV technologies that could be used to 
explore the ocean of the Europa. Europa is one of the moons of the planet 
Jupiter. It is believed that the outer layer of the Europa is consisting of 100 km 
of salt-water covered with thick ice. This huge ocean is hypothesized to be one 
of the most probable places in our solar system to find extraterrestrial life form. 
To investigate these hypotheses, NASA has funded the projects VALKYRIE 1 
and 2 [43] and ENDURANCE [44] through their ASTEP framework 
(Astrobiology Science & Technology for Exploring Planets). The goal of the 
VALKYRIE projects is to develop ice-penetrating robots that in the future 
could deploy underwater vehicles under ice. The ENDURANCE project aims to 
develop such underwater vehicles. Similar research is also funded by German 
Aerospace Center with the project EurEx (Europa-Explorer) [45]. EurEx project 
is using a Dagon-AUV [46] as an experimental platform to evaluate different 
Europa mission scenarios.  

1.1.2 Autonomous underwater vehicle technologies 
As mentioned earlier, radio frequencies and light do not travel well under water. 
Therefore, the list of available technologies that can be used is very limited. The 
navigation, localization and data collection of all the above described vehicles 
rely on the same short list of physical principles. These principles are mostly 
acoustic, inertial or magnetometric. Their use is pushed to limits with 
advancements in software algorithms and signal processing. The basic methods, 
however, have been the same for all the AUVs from the beginning of their era. 
This fact emphasizes the need for development of new technologies based on 
the physical principles, whose full potential is currently underused. 

One of these most undeveloped principles is manometricity – measuring 
pressures. Every AUV carries a pressure sensor (Figure 1.3 right) to measure 
the hydrostatic pressure. Hydrostatic pressure is used to precisely calculate the 
depth of the vehicle. However, as explained later in this thesis, manometricity 
could be very well used to acquire much more information about the 
environment. Pressure distribution around the vehicle contains information 
about the flow, movement and objects around the vehicle. There are no 
traditional AUVs that use pressure measurements to get these data.  

Acoustic and inertial principles are, however, very advanced and are used 
instead. Information about the flow is gathered using Acoustic Doppler Current 
Profiler (ADCP) [47] (Figure 1.3 left). ADCP estimates the velocity profiles of 
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the water column. It estimates Doppler shift of sound waves scattering back 
from the particles in the water.  ADCP can be used relatively well to measure 
the velocity of the vehicle with respect to the surrounding water. The problem 
with using the ADCP is that it measures the global currents at some distance 
from the transducer. The distance may usually be from 5 cm to hundreds of 
meters. So it is usually not possible to measure local flow that is actually 
affecting the vehicle. Also the device is large and expensive so it is usually not 
feasible to measure the flow at many different points around the AUV. 

As the flow measurements are problematic on the AUVs, they usually rely on 
simpler and more reliable methods for navigation and localization. The 
navigation of AUVs is often based on dead-reckoning, meaning that the robot 
does not have any external references to measure its position. Position is instead 
calculated from a previously known position by integrating the velocities over 
time. Dead-reckoning AUVs use the following sensors: 

• INS (Inertial Navigation System) – INS is composed of accelerometers, 
gyroscopes. Accelerometers provide estimation for linear accelerations 
and gyroscopes give data about angular position. INS includes the 
computer that runs sensor fusion algorithms to calculate the Euler 
angles of the vehicle. Modern INSs use fiber-optic gyroscopes which 
offer great accuracy. However, there will always be a drift in the 
estimation. 

• Magnetic compass – is used to compensate for the drift in yaw angle.  
• Doppler Velocity Log (DVL) – DVL improves the position estimation 

by providing the direct measurement of velocity. DVL measures 
Doppler shift in the acoustic pulses echoing back from the sea-bottom. 

Figure 1.3 – Left: Acoustic doppler current profiler (marked by red circle) mounted on 
Remus 100 AUV; Right – Hydrostatic pressure sensor for measuring the depth of AUV. 
Image is taken from the inside of the U-CAT AUV developed in the Centre for 
Biorobotics in Tallinn University of Technology. 
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Most of the surveys AUVs use only the above described sensors for navigation. 
However, dead-reckoning is not precise enough for more demanding task. 
External position reference is often needed. This is usually provided by using 
the following systems: 

• Long Baseline positioning (LBL) – Long baseline system consists of 
fixed beacons with a known position somewhere in the working are of 
the robot, and a transceiver on the robot. The robot uses acoustic signals 
to measure the distance from the beacons and then calculates its 
position using triangulation. The beacon may also be substituted with 
another AUV. In this case acoustic modems that are used for 
underwater communication are often used to measure distance from the 
other AUV. 

• Short Baseline positioning (SBL) – The vehicle carries several acoustic 
transceivers. The system measures the distance of every transceiver 
with respect to a fixed transponder somewhere in the working area. It 
uses these distances to calculate the position of the vehicle. The bigger 
is the distance between the transceivers on the robot, the higher is the 
precision. 

• Ultra-Short Baseline (USBL) – The vehicle carries an array of 
transceivers that are placed close to each other. Robot sends out an 
acoustic signal that is returned by a single fixed transponder. It finds the 
distance from the transponder by measuring the time delay. The 
direction is calculated by estimating the phase-shifts of the returned 
signals in the different transceivers.  

Using the acoustic positioning system together with INS and DVL can give the 
vehicle a very precise positioning. Such vehicles will perform well in open 
waters and they are widely used, but they cannot be used in places with 
obstacles or near sea-bottom. Robots that have to work in such conditions 
always carry sensors for obstacle avoidance. Various types of sonars are used 
for this purpose. The simplest one is an echo sounder that is only able to 
measure distance to the reflecting surface.  Scanning sonars are more advanced 
devices than incorporate an echo sounder moved by a motor. Multi-beam 
imaging sonars provide an acoustic image of the surrounding. The capability of 
all these devices to see obstacles is very dependent of the material and surface 
of the obstacle. 

1.2 Fish swimming and flow sensing 
Underwater robot technologies and their applications described in previous 
section are all evolved during the last century. Nature, however, has had time to 
develop solutions to similar problems for millions of years already. The 
methods and materials that nature has used during that time are also different 
and often much more complex. They have given very different solutions to the 
underwater problems. Locomotion of the above described marine robots is 
based on rotating propellers, while water organisms are mostly moving using 
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flapping or oscillating motion. Marine robots use acoustic, visual and inertial 
sensors for navigation and localization, but fish also have lateral line flow 
sensors, tactile sensors [48] and in some cases electric field sensors [49]. Both, 
natural and technological solutions have their own advantages and limitations. 
However, natural ones outperform the technological ones usually in many 
aspects. Efficiency of fish swimming can be as high as 97% [50]2, while 
efficiency of propellers does not generally exceed 70% [51]. Navigation of fish 
allows them to maneuver in complex environments together with lots of 
different species of animals, from whom some have to be avoided and some 
have to be pursued to stay alive. Navigation of marine robots is still limited to 
relatively simple tasks like lawnmower surveys or primitive obstacle avoidance. 
Fish also have supremacy in maneuverability, accelerations and adaptability. 
Such outperformance demands us to study the locomotion and navigation of 
nature’s created fish to improve the abilities of underwater robot technologies. 

1.2.1 Fish propulsion mechanism 
There are many different principles of biological underwater propulsion. For 
example jellyfish and squid practice jet propulsion, scallop claps its shells open 
and closed, and shrimp paddles with its legs. With fish the selection is much 
narrower. Fish swimming is usually categorized into two groups: body and/or 
caudal fin locomotion (BCF) and median and/or paired fin locomotion (MPF) 
[52]. MPF swimming fish flap their pectoral, pelvic, dorsal and anal fins. BCF 
swimming fish propel forward by creating an undulating wave in their body and 
caudal fin (tail) [53]. 85% of fish use BCF swimming, but usually they are able 
to use MPF as well. The first one is used for cruising and fast movements, while 
the latter one is helpful for maneuvering and backward propulsion. 

BCF swimming fish species use different amount of their body for moving 
forward. Eel for example creates a traveling wave in all of its body. Tuna, on 
the other hand, only actuates a small portion of its body just in front of the tail 
fin. The ratio of actuated body to still body defines the class of BCF swimming. 
Rainbow trout, who is the main biological model in this thesis, belongs into a 
subcarangiform class. It creates a traveling wave in 3/5 of its body (Figure 1.4). 

Even though the general principles of fish locomotion are well known, there is 
still a lot that remains unknown. It is not yet fully understood, how fish can 
generate high thrust while still being extremely efficient. Fish dynamics models, 
such as Lighthill’s elongated body theory [54] are able to estimate the thrust 
forces based on the well-known kinematics. The estimated forces, however are 
much lower that these actually created by fish. Therefore, it is believed that fish 
use complex interactions with flow patterns created by other animals, 
environment, and itself. Recent studies with modern particle image velocimetry 
methods have revealed the interactions between the tail fin and the vortices 
created by the anal and dorsal fins [55]. The total thrust generated by all the fins 

2 As estimated by analyzing the wake behind a steadily swimming Mullet.  
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together is higher than the sum of thrust generated by them separately. Another 
aspect that helps to increase performance is that fish are able to use the passive 
properties of their bodies very efficiently. They can tune their body stiffness to 
optimize the mechanical cost of generating an undulating wave [56]. The effect 
of body stiffness and damping is actively studied analytically [57] and by using 
biomimetic mechanisms [58][59] . The body properties and the vortex 
interactions are also strongly linked. The tail stiffness plays a role in the 
production of wake patterns [60]. Fluid interaction, body properties and muscle 
activity are combined together in complex neuromechanical models of fish 
swimming [61].  

1.2.2 Fish flow sensing mechanism 
The flow interactions are not only important for propulsion, but also on a much 
more global scale. The natural water environment is in a constant movement. 
The movement exists from a molecular level up to ocean streams with a length 
of thousands of kilometers. It is caused by temperature variations, potential 
energy and pressure variations, differences in magnetic field, wind, moon, 
animals etc. It is affected by all the surrounding solids like rocks, bottom and 
ice. The information about all these reasons and influencers is contained in the 
flow. It is like a type of memory that stores data about the variables of a very 
complex function. The animals living in water are strongly influenced by flow 
and thus it is beneficial for them to be able to read this huge amount of stored 
information.  

All fishes are able to sense and process hydrodynamic events using the lateral 
line organ. [62]. Also some crustaceans [63] and aquatic mammals have flow 
sensing organs [64]. The lateral line of a fish is visible as a faint line running 
lengthwise on the both sides of the fish. The line contains thousands of hair-cell 
like elements called neuromasts, which are bent by water movement. The 
bending is felt through an electrochemical signals sent to the brain over nerve 
fibers [65]. Although the organ is called a lateral line, the neuromasts are not 
actually located only on the visible line, but can be distributed all over the body. 
The design of the neuromasts and their number and placement can vary greatly 

Figure 1.4 – Snapshot of a subcarangiformBCF swimming motion of a juvenile trout. 
The first 2/5 of the body is rigid, while the rear 3/5 is generating an undullating wave 
with an increasing amplitude towards the tip ot the tail. 
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among different fish species [66]. For example the neuromasts on the rainbow 
trout are located on the visible line and densely on the head, while on the rest of 
the body is sparsely covered (Figure 1.5). The reason for differences in the 
lateral line design is not clear. It has been hypothesized, that the design is 
depending on the hydrodynamic conditions in the habitat. However, no direct 
relationship has been found between the number and distribution of the 
neuromasts and the habitat of the species [67]. 

The neuromasts of the lateral line exist in four different configurations: 
superficial neuromasts (SN), canal neuromasts (CN), spiracular organs, and 
vesicles of Savi [68]. All the fish species have the superficial and canal 
neuromasts, while the spiracular organs and vesicles of Savi are specific to 
some species, not including rainbow trout.  

Superficial neuromasts (Figure 1.6 – left) occur free-standing on the skin, in 
pits, or on pedestals raised above the skin [62]. They consist of mechanosensory 
hair-cells that are covered with a cupula. The cupula is affected directly by the 
water flowing over the body. Therefore the SN directly measures the velocity 
on the surface of the fish body. The hair cells in the neuromast are oriented 
antagonistically so that the SN can sense the positive and negative flow in a 
single direction. To measure the flow in various directions, the neuromasts with 
different polarization axis are grouped together [69]. The SNs can sense flow 
speeds as low as 10 µms-1 [70] and they respond to frequencies up to 100 Hz 
[62], indicating that the lateral line works also in the audible range [71]. 

Canal neuromasts are located in small canals under the fish skin. The canals are 
coupled to the surrounding water through canal pores (Figure 1.6 - right). The 
flow acceleration creates a different pressure between different canal pores. The 
pressure difference creates a proportional flow in the canal, which is felt by the 
CNs. Therefore, the CN can be described as a differential pressure sensor 

Figure 1.5 – Lateral line of a Rainbow Trout. The head of trout is densely covered by 
the canal and superficial neuromasts. The canal neuromasts on the side of the fish form 
a visible part of the lateral line. (Modified public domain image from Wikimedia 
Commons) 
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between different canal pores [72]. The CNs are generally located on the visible 
part of the lateral line and on the head. Their sensitivity is in the range of 0.1…1 
mPa [70]. 

Spiracular organs and vesicles of Savi are specialized mechanoreceptors of 
some fish classes [73]. Spiracular organs are associated with the gills and 
consist of a tube or pouch lined with sensory neuromasts. The tube is sometimes 
opened to the water but may also be isolated. Neuromasts are stimulated by 
flexion of the cranial-hyomandibular joint [74], which is a joint associated with 
the movement of jaws and gills. The biological role of spiracular organ is not 
clear, but studies indicate that it plays a role in proprioceptor sense – a sense of 
the relative position of neighboring parts of the body. Vesicles of Savi consist 
of neuromasts enclosed in small isolated pouches on the ventral surface of some 
fish species like sharks and rays [75]. As neither of these organs is directly 
imposed by the water, their function in hydrodynamic sensing is still not 
understood. 

1.2.3 Fish flow sensing behaviors 
The lateral line is related to various fish behaviors. These behaviors are 
triggered either by abiotic or biotic sources. Abiotic sources are water 
movements caused by the environment, like the running water in river, currents 
in sea and wakes created by rocks. Biotic sources are generated by the self-
motion of the fish or by the movements of other animals.  

One of the best known abiotic flow sensing behaviors of fish is the rheotactic 
behavior – the fish orienting itself towards the water current.  Orienting with 
respect to flow is important behavior in fish for upstream migration or for 
holding a position in a favorable place in the stream to detect odors and food 
carried with the flow. When there are no visual cues, like in the case of a blind 
Mexican cavefish, the rheotaxis is entirely based on the superficial lateral line 
[76]. In most cases however, the fish uses a combination of superficial lateral 
line and vision. The rheotaxis is also strongly linked to the fish ability to detect 
the flow velocity by sensing the fluctuations in the currents [77]. 

Figure 1.6 – Left: Superficial neuromast; Right: Lateral line canal with canal 
neuromasts. 
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Another set of very useful abiotic flow related behaviors is seen when a fish is 
swimming in flow in the vicinity of an object – for example rock or bridge pole 
in the river. It has been proven that fish are able to use the turbulence created by 
the object to consume less energy and to make their swimming more efficient 
[78][79]. This ability is one of the key factors that help some fish to migrate 
upstream thousands of kilometers in fast rivers. The most used approach to 
study the behaviors in unsteady flows is to use Kàrman vortex street (KVS). 
The KVS is a repeating pattern of periodically shed vortices behind the blunt 
body in flow [80]. KVS can be reproduced in laboratory conditions with well-
defined parameters. Half-cylinder is usually used as a blunt body. Vortex 
shedding frequency and the wake wavelength can be modified by changing the 
flow velocity and cylinder diameter. 

Studies with rainbow trout in KVS have shown that trout uses 3 regions around 
the cylinder for station-holding: the vortex street (Figure 1.7 c), the edge of the 
suction zone just behind the cylinder (Figure 1.7 b) and the bow wake in front 
of the cylinder (Figure 1.7 a). In the first case the trout swims in the area behind 
the cylinder where the periodic vortices have fully developed. They adopt a 
distinct pattern of movement, called the Kàrman gait [81]. During Kàrman 
gaiting the trout tunes its movement according to the vortices. The body 
amplitude and curvature increase greatly and the tail-beat frequency matches the 
vortex shedding frequency of the cylinder. As a result the muscle activity and 
thus the cost of locomotion decrease [82]. The high efficiency of swimming in 
the vortex street is well demonstrated by the fact that even a dead fish is 
propelled upstream thanks to the passive properties of the body [83]. Alive fish 
only has to sense the flow and make some corrective movements to stay in the 
street [84]. 

The second preferred station holding behavior for trout is to entrain the flow in 
the edge of the suction zone (Figure 1.7 b). Suction zone is an area just behind 
the cylinder, where the flow is in the opposite direction with the surrounding 
flow due to lower pressure in the shadow of the cylinder. Objects placed into 
this area will be sucked against the cylinder. Fish stays on the side of the 
suction zone, balancing the suction force and the drag force to hold station [85].  

Figure 1.7 – Three preferred positions of a trout around the vortex street generated by a 
half-cylinder. a) bow wake in front of the cylinder; b) suction zone just behind the 
cylinder; c) well-developed Kàrman vortex street. 
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The third option for fish is to use the increased pressure area in the bow wake in 
front of the cylinder [84] (Figure 1.7 a). In front of the cylinder there is a 
stagnation point where the flow velocity is zero. Around the stagnation point the 
flow velocity is lowered due to the increased pressure. Therefore, the drag force 
there is smaller and fish has to spend less energy to hold station [86].  

Although during all the three station holding behaviors the muscle activity and 
oxygen consumption is reduced [79], it has been hypothesized that the bow 
wake is the most energetically favorable region [81]. However, experiment done 
in [87] shows that trout prefers to spend equal time (28%) in the bow wake and 
in the entraining zone. The time spent in the Kàrman gait zone was only 8%. 

Apart from the environmental flow sensing behaviors, fish also exhibit flow 
sensing behaviors triggered by other animals. One example is the ability of fish 
to discriminate between different surface waves and to detect and locate the 
prey on the surface [88]. It has also been proved that fish are able to detect and 
localize the waves generated under the surface by the vibrating dipole source 
[89]. They can also detect larger scale movements of the passing objects [90] 
and the hydrodynamic trail of other fish [91], which may be visible even 3 
minutes after the fish has passed [92].  

1.3 Biomimetics in underwater robotics 
Great swimming and flow sensing performances of fish have inspired many 
research groups to mimic them. This mimicking is driven by two main goals. 
First goal is to develop better underwater vehicles. Fish outperform traditional 
marine robotics in most aspects. By understanding what the mechanisms behind 
this high performance are, it is possible to apply them on underwater vehicles. 
Another reason for biomimicry is to learn more about fish themselves. Research 
with living animals is difficult because it is often not possible to change the 
experiment’s parameters independently. For example we cannot force the fish to 
change some of its body kinematics parameters while leaving everything else 
constant. Also it is hard to isolate fish senses from each-other to study 
behaviors. Therefore it is wise to develop robotic models that mimic fish 
swimming and sensing to study the locomotion and behaviors.  

1.3.1 Linked fish robots 
Most of the body and/or caudal fin swimming robotic fish are based on a linked 
structure. Their posterior body is composed of series of rigid links, which are 
actuated independently by many actuators or by a single actuator with separate 
transmission mechanisms for every link. One of the first and best-known of 
such robots is the MIT’s RoboTuna [93]. RoboTuna is a 1.25 m long, 6-link 
tuna-shaped robot. It was used to show that the drag of an actively swimming 
fish-like body is significantly lower than the drag of the same body towed at the 
same speed [94]. MIT also developed RoboPike to study the hydrodynamics 
related to the fast-starting and maneuvering [95]. The first autonomous mission-
scale fish-like swimming robot was the Vorticity Control  Unmanned Undersea 
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Vehicle (VCUUV) developed in Draper Laboratory [96]. VCUUV is a 2.4 m, 
174 kg fully autonomous vehicle that was used to study the foil interaction with 
Kàrman street vortices. Results indicated that the correct interaction with 
vortices may lead to improved efficiency and reduced wake signature, proving 
that the energy harvesting apparent in fish can also be used on a fish-robot. The 
University of Essex has developed series of autonomous robots to study the 
possible tail mechanisms and control algorithms to perform complex 3D 
maneuvers like C-shape turning [97][98]. Similar goals were set for the 
RoboSalmon project of Glasgow University [99]. RoboSalmon uses a tendon 
mechanism mimicking the distributed actuation of fish. Attempts have also been 
made to take the fish-like actuation out from the lab to the real-world 
environment. Beihang University has developed series of marine robots called 
SPC-I to SPC-III, that are incorporating fish-tail propulsion [100]. SPC robots 
carry traditional marine robot technologies, but have better maneuvering 
capabilities.  

The fish-robots described above are mainly developed to improve the 
capabilities of underwater vehicles. There are many fish-like propulsion 
mechanisms that are developed to study the actuation and behaviors of 
biological fish. One example is an ongoing study about the coupling of 
electrical sense and mechanical system of an electric knifefish in the 
Northwestern University [101]. Also there are series of studies made in the 
Lauder Laboratories in Harvard, where robotic mechanisms are used to examine 
the fin and body kinematics and hydrodynamic function during locomotion 
[59]. 

1.3.2 Compliant approach 
The mechanisms described above are composed of several links. By separately 
controlling the movement of each link, the desired kinematics of the body can 
be easily achieved. The similarity of the kinematics to that of a real fish is 
limited by the number of links. More links give higher precision. However, the 
complexity of the mechanism also increases. Robot needs to have more 
actuators, gears and bearings, resulting in higher friction and smaller reliability. 
To overcome these problems, researchers have developed compliant fish-like 
robots. Compliant robots are usually using one or a few actuators to flap a soft 
tail. The fish-like performance is achieved by choosing the right actuation 
parameters, geometry and material properties of the tail. A set of such compliant 
robots was developed by Pablo Valdivia y Alvarado at MIT [102]. The robots 
had a rigid head and a silicone body, which was actuated by the steel cables 
casted into it. The bodies were modeled by a cantilever beam actuated from a 
single point. The study hypothesized that that the exact kinematics of the fish 
can be copied by analytically calculating the elastic and viscous properties of 
the tail. Another compliant fish robot developed at MIT is based on a fluidic 
actuation [103]. Its silicone tail has air-channels, which are being filled with 
compressed air to actuate the tail. The robot is self-contained, and it is capable 
of rapid, continuum-body motion, such as escape maneuvers. Silicone tails were 

27 



 

also used by McHenry et al. who showed that body stiffness can be used to 
control the swimming kinematics and performance of elastic models of 
pumpkinseed sunfish [104]. Alben et al. studied the relationship between the 
rigidity and performance of the soft foils. They found peaks in a swimming 
speed at certain parameters.  

1.3.3 Artificial lateral line sensors 
Apart from mimicking the swimming mechanism of fish, researchers have also 
mimicked the lateral line system of fish. The aim for this is to better understand 
biological principles of fish sensing and to give underwater vehicles a sense of 
flow. The flow sensors like ADCP described in a traditional marine robotics 
section 1.1 are large devices that are not suitable for small vehicles. They are 
especially unsuitable for fish-like robots whose body is not fully rigid. Also 
ADCP is not capable of measuring the local flow at different places on the body 
of the robot.  

To overcome these problems, researchers have tried to copy the sensing 
principles of both, superficial and canal neuromasts. Artificial superficial 
neuromasts are based on a miniature cantilever beam, whose deformation by the 
flow is being measured, exactly as it is with a biological fish. In [105]–[107], 
the deformation is being measured using piezoresistive strain gauges, while in 
[108]–[111] capacitive sensors are used. Artificial neuromasts using 
piezoresistive sensors are larger in size and are usually designed to be sensitive 
to flow only in a single direction. Multiple hair-cells are needed to measure flow 
in different directions, but the size sets the limit on designing such array. 
Capacitive sensors can be designed to be sensitive to flow in every direction and 
also they can be placed densely together, as the measurement units are small 
and can be fitted on a common electrode array. The main problem with the 
artificial superficial neuromast sensors is the fragility. The sensors are 
optimized to be sensitive enough to measure very small flow speeds, but the 
tradeoff is that the sensors saturate or break at higher velocities or when they 
collide with larger particles in water. McConney et al. have tried to overcome 
this problem by covering the hair-cells with a hydrogel cupula [112].  They 
have reported a sensitivity of 2.5 µms-1, which is in the same order of magnitude 
with the biological lateral line sensors.  

Research on artificial canal neuromasts is not as thorough as on artificial 
superficial neuromasts. Yang et al. used piezoresistive hair-cells that were 
mounted into canal with pores to achieve a fishlike differential pressure sensing 
[113]. Some other researchers, however, have placed arrays of flat pressure 
sensors on the underwater vehicle surface to directly measure the pressure 
[114], [115]. This method is somewhat different from fish lateral line sensing, 
as the sensors do not measure the differential pressure, but the absolute pressure 
instead. 
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1.3.4 Artificial lateral line sensing 
Mimicking the mechanical action of the fish lateral line sensors is somewhat 
easier task than copying the signal processing and behavioral processes of it. 
Nevertheless, there are several ways how the artificial lateral lines have been 
used to achieve fish-like sensing behaviors. One of the best-studied sensing 
tasks is the dipole source detection and localization. Dipole source creates a 
distinct excitation pattern in an array of artificial lateral line flow sensors [116]. 
It has been demonstrated with different types of flow sensors and experimental 
configurations, that by processing these patterns, the position and nature of the 
source can be precisely identified [117]–[119]. It is also possible to identify the 
objects passing the sensor array. By using an array of MEMS pressure sensors, 
the velocity of the passing object can be detected with an average error of 2.5% 
[115]. Fernandez et al. a demonstrated that also the shape and the size can be 
identified [120].  

Another flow sensing task that has gained attention is the detection of turbulent 
flows. The goal of this task is to localize the vehicle with respect to the object 
generating vortices. This would allow achieving higher efficiency of the vehicle 
by using the energy of the flow, exactly as the fish does. As with fish studies, 
the Kàrman vortex street is also in the main focus here because of the high 
controllability and well determined parameters. Yang et al. used an array of 16 
artificial superficial neuromast sensor to show that the fluctuations caused by 
the vortices are well distinguishable [116]. They were able to spatially map the 
wake signature behind the cylinder. Akanyeti et al. used a DPIV analysis to 
emulate the signals acquired by the flow sensor array and got a similar spatial 
map [121]. They also proposed a method to estimate the relative position of the 
sensor array with respect to the vortex formation point. Klein and Bleckmann 
extended the results by experimentally validating that the position of the 
upstream cylinder can be estimated by using only two artificial lateral line canal 
sensors on each side of their test platform [122]. The study was conducted using 
a static measurement array placed in various positions in the wake.   

1.4 Summary 
From this chapter it can be concluded that the complexity of current biomimetic 
systems is limiting their application in underwater robotics. We saw that plenty 
of robotic fish have been developed. However, all the marine robots used in 
natural environments are still rigid and use screw propellers. Also there are 
many artificial lateral lines created and successfully tested for various 
situations, but they have not been included in the control of any underwater 
vehicles. The reason is that most of the biomimetic technologies we saw lack 
the robustness and maturity required for underwater vehicles. From the 
traditional marine robotics section we saw, that these criteria are extremely 
important, as the marine robots have to conduct extremely responsible tasks in 
very complex environments. Therefore, technical approaches we choose in this 
thesis are such which in principle are more robust and simpler to apply. We 
emphasize the simplicity and usability rather than the biological adequacy. 
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2 COMPLIANT FISH-ROBOT DEVELOPMENT 

In this chapter we describe the design of soft-bodied fish-robot. The rear 3/5 of 
the robots body is composed of compliant silicone which is being actuated by a 
single motor. The goal of implementing such a system is to improve the 
performance and applicability of fish-inspired robots by developing new 
methodologies for designing soft fins with minimal mechanical complexity. We 
introduce three novel approaches for finding the suitable design parameters, i.e. 
material properties for the soft body. Two of the methods are empirical and are 
based on mimicking the actual properties of a fish. The third method is based on 
theoretical modelling of the robot’s body dynamics.   

The robot described here also serves as a platform for studying flow-relative 
control of underwater vehicles in Chapter 4. The vehicle is carrying an artificial 
lateral line which we used in the European Commission FP7 project FILOSE 
(Fish Locomotion and Sensing) [123] to study how fish sense the flow around 
them, how they react to what they sense, and how the sensing and reactions can 
be mimicked on an underwater robot.  

This chapter is organized as follows. In Section 2.1 we set the requirements for 
the fish-robot and discuss the limitations of the previous studies to meet these 
requirements. Specifically we show why the rigid linked fish-robots are not 
suitable and what the main problems with designing soft robots are. In Section 
2.2 we propose the underlying questions of this chapter that we are going to 
answer to improve the performance of the compliant robot. In Section 2.3 we 
will present the prototype. In Section 2.4 we describe the empirical methods 
based on mimicking the body properties of fish and in Section 2.5 we describe a 
verification of a theoretical approach for predicting a body’s motion. We draw 
the conclusions in Section 2.6. 

2.1 Design criteria and limitations of previous studies. 
The vehicle that has to operate in turbid underwater environments like rivers, 
canals etc. need to meet some very strict requirements. These requirements set 
the design guidelines of the biomimetic propulsion system. These guidelines 
are: 

1. Applicability. The principle of the mechanism has to be simple enough 
for being used on underwater vehicles. Complex mechanisms usually 
require more space, are expensive and difficult to manufacture and lack 
reliability. 

2. Flow-adaptability. The passive mechanical properties have to be such 
that the tail of the robot can be freely moved by the water. Such 
mechanism can passively adapt to light vorticity and turbulence by 
damping the forces generated by them.  
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3. Durability. A robot that has to operate in fast-flowing waters between 
many different objects like rocks, poles etc. is definitely going to crash 
against these objects. The mechanism has to be able to survive these 
crashes.  

4. Efficiency. The propulsion system has to be reasonably efficient so that 
it would be in principle usable for actual autonomous robot tasks, where 
battery capacity is limited. 

5. Velocity. The underwater vehicle has to be able to cope with the 
oncoming current and has to be able to swim upstream 

6. Maneuverability. The vehicle has to be well controllable to effectively 
carry on different real-life operations. 

7. Fish-like kinematics. The motion of the robotic fish tail developed here 
has to be similar to that of the actual fish. This requirement is important 
for the fish-like flow-sensing studies. If the robot and fish move in a 
similar way, comparative studies can be made between the sensing and 
behavior of these two [123]. 

Fish overcome man-made systems in terms of all of these requirements. 
Applicability, adaptability, durability and fish-like kinematics are of course 
natural to all fish, but fish are also faster, more efficient and better 
maneuverable than most of the man-made analogues. Therefore, as was 
described in the background chapter, researchers have developed several 
robotic-fish systems. All these systems have their own limitations when looking 
at the design criteria listed above.  

The linked systems, such as RoboTuna [93] , RoboPike [94] and Essex fish 
[97], [98], are very well able to mimic the fish kinematics. By increasing the 
number of links involved, the motion can be made relatively precise. The Essex 
fish demonstrated that these systems can also be very well maneuverable.  SPC-
II vehicle by Beihang university showed that they even can develop relatively 
high speeds (1.2 Bl/s) [100]. However, these abilities are achieved by increasing 
the complexity of the mechanism and thus reducing the efficiency, durability, 
applicability and flow-adaptability. The efficiency is limited because of the high 
number of motors, transmission and other moving components. Durability and 
applicability are reduced for the same reason. Multi-part complex systems are 
difficult and expensive to build and are besides very prone to wear out and 
break. Moreover, including multiple motors and details requires more space in 
the vehicle and also makes it heavier. The linked systems thus reduce the 
possibility to include payload equipment like cameras and other sensors. Lastly, 
the multi-link fish-robots do not have flow-adaption ability. Their tail does not 
have a passive motion due to water movement. 

Compliant biomimetic robotic tails such as the ones developed by Alvarado 
[102], McHenry [104] and Riggs [124] lack many of the problems of linked 
designs. These mechanisms are in principle very simple, incorporating only one 
actuator and a passively moving soft tail. Therefore, they are much easier and 
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cheaper to manufacture, are much more durable, and do not have a problem of 
internal friction and wear. The compliant materials are also passively adapting 
to the flow. Additional benefits are that they can be usually made quieter 
because of the smaller number of moving elements and they are safer to the 
surrounding environment. Based on all these benefits we can already say that 
the compliant robotic fish tails have more potential to become into use on actual 
underwater vehicles. 

Of course there are some problems that have to be overcome before the 
compliant fish tails are mature enough for real-world applications. The main 
problem is the actual performance of these tails. Even though in theory the 
artificial fish-like locomotion can create high thrust and is more efficient than 
propellers, the current studies do not prove that. The robotic tuna of Alvarado et 
al. was able to swim at the maximum velocity of 1 BL/s [125], while his target 
velocity at the same actuation parameters was 2.5 BL/s. Also the error between 
the target kinematics and the actual measured kinematics was large. To design 
the vehicles, Alvarado et al. used an analytical approach by modelling the fish 
tail as a compliant beam. Even though the model was relatively detailed, the 
actual reaction of the tail was very different from the target action.  This 
indicates that the current theoretical knowledge of nonlinear compliant vibrating 
systems with water interactions in not advanced enough to accurately describe 
the kinematics and dynamics of the system. 

Other researchers have tried several empirical approaches to avoid using the 
imprecise analytical modelling. Their goal has been to improve the performance 
of the flapping fins by mimicking the properties of an actual fish. McHenry et 
al. [104] used a fishlike geometry and showed that body stiffness controls 
swimming kinematics and therefore the performance of elastic fish-like fins. 
Riggs et al. [124] casted silicone fins with biomimetic stiffness profile and 
compared the performance with regular NACA profiles. They showed that 
mimicking the properties of actual fish indeed improves the performance of the 
flapping fins. However, the studies were limited in various aspects. They 
isolated the biomimetic properties from each-other and did not study the 
influence of geometry and stiffness together. They also did not use the exact 
values of stiffness but only mimicked the chordwise stiffness profile. Also, the 
studies were made on a static platform instead of an actual robotic fish. 
Therefore, the performance of these studies in terms of the velocity, 
maneuverability and efficiency could not be estimated. 

2.2 Underlying questions of this chapter? 
To extend the knowledge required to improve the performance of compliant fish 
robots, being inspired by the limitations of the current studies, this chapter 
concentrates on two main questions. 
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1. If the passive properties of the biomimetic oscillating fin are more 
similar to these of an actual fish, will the performance of the fin 
increase? This question is studied in Section 2.4 

2. How to improve the experimental methods that help to extend the 
theoretical knowledge about modelling the compliant robotic tail. This 
question is addressed in the Section 2.5 

Before going to these questions, the Section 2.3 will describe the design of the 
robotic fish platform. 

The model animal, on which the robotic fish of this study is based on, is 
rainbow trout (Oncorhynchus mykiss). When choosing the properties of the tail, 
the target kinematics and also when studying the flow sensing behavior in the 
next chapter, this species is taken as inspiration. The first reason is that a trout is 
very capable in turbulent waters. It swims hundreds of kilometers upstream in 
very difficult and raging water to its spawning grounds. Moreover, it does not 
eat on their journey, meaning that its locomotion is extremely efficient. Various 
studies show that this efficiency is greatly thanks to its skillful energy 
harvesting of upcoming vortices [78], [79], [81]–[84]. This brings out the other 
main reason for using trout as a subject specimen: it has very advanced lateral 
line sensing. Moreover, as the trout also lives in seas, it is also a very universal 
fish. It can survive in very different environments. Therefore, it is likely that the 
studies of trout locomotion can lead to more general solutions towards the 
biomimetic design of propulsion mechanisms. Also the principle of trout’s 
locomotion is very suitable for underwater robots. It is a subcarangiform 
swimmer, meaning that it uses 3/5 of its posterior body for swimming, while the 
2/5 of the anterior body is relatively rigid. While designing the robot, this rigid 
part can be used to enclose the electronics, actuators, sensors and other stiff, but 
vital components of the underwater vehicle.  

2.3 Design of the soft-bodied underwater vehicle 
The general principle of the actuation mechanism of our robot is based on the 
design of Alvarado [126] - a single servomotor pulls two cables that are 
connected to the rigid plate inside the soft tail. The design is partially published 
also in my master thesis [127]. The master thesis includes only the initial design 
that differs from the one described here in many aspects. All the internal 
components have been redesigned and replaced. Also, the main part of the 
robot, the compliant tail, is different.  

One intermediate step of the robot design is also published in the 2010 IEEE 
OCEANS conference article “Biomimetic Mechanical Design for Soft-Bodied 
Underwater Vehicles” [128]. The article is attached into the Appendix A. My 
contribution to this article is the general design principle of the robot, design 
and manufacturing of some of the robots internal components, the design and 
manufacturing of all the silicone tails, and conducting the experiments.  
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This chapter concentrates on the newer and improved version of the robot. My 
contribution to this robot version is the design of all the robots mechanical 
components and the development of the experiment software. The electrical 
design was made by the engineers of Centre for Biorobotics and the other 
partners of the FILOSE project. 

The external design of the fish robots body is shown in Figure 2.1. The shape of 
the body is derived from a 3D scan of an actual rainbow trout. To get an 
analytical description of the body, we approximated the shape using elliptical 
cross-sections. The robot is made symmetrical in sagittal (right) and frontal 
(top) plane, while the actual fish is somewhat asymmetrical. The robot is also 
slightly wider to make room for the actuators, sensors and electronics. The 
length of the device is 0.5 m, of which the fore 0.2 m is rigid and the rear 0.3 m 
is compliant. 

1 2 3 4
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Figure 2.1 - The external design of the robotic fish. 1 – Plastic nose cover printed using
selective laser sinthering method; 2 – Aluminum chassis for holding all the main
components of the robot; 3 – A screwpiece for mounting the robot to different
experiment setups; 4 – The compliant body casted from 2-component silicone; 5 –
Pressure port. 
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The exterior body of the vehicle consists of three main components: nose cover 
(Figure 2.1 - 1), middle chassis (2) and the tail (4). The middle chassis is the 
central part of the robot, holding together most of the other components. The 
chassis is manufactured from a corrosion resistant aluminum alloy using a 3-
axis CNC milling machine. The rear end of the chassis holds the silicone tail, 
which is attached using 8 bolts through the fixing plate casted inside the tail. 
The flat front part of the tail seals the chassis from the rear side.  The front side 
of the chassis is enclosed by a polyamide nose cover, which was 3D printed 
using a selective laser sintering method. The even surface between the chassis 
and the nose cover is lubricated with a silicone grease to guarantee the 
waterproofness of the body. 

The compliant part of the robot is casted from a two-component platinum-cure 
silicone. In the initial tail we used Dragon Skin 10 by Smooth-On. However, 
during the development we have used various different products from different 
manufacturers. Finding the properties of the soft body is described in the 
following sections of this work. We used CNC machined plastic molds and 
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Figure 2.2 – The design of the internal components of the robotic fish. 1 – actuation
plate casted inside the silicone; 2 – steel cables connected to the actuation plate; 3 –
aluminium plate for mounting the tail to the chassis of the robot; 4 – Adjustable motor
mounting for setting the pretension of the cables; 5 – cable pulley; 6 – heat conductors;
7 – Servo motor; 8 – ARM computer; 9 – Rubber casings glued on the internal wall of
the nose cover for mounting pressure sensors; 10 – Pressure sensor with amplifier and
ADC; 11 – Pressure port. 



 

developed the proper casting techniques required for every specific fin design 
described later in the work.  

Inside the tail there is an aluminum actuation plate (Figure 2.2 - 1), which is 
casted into the silicone during the molding process. The actuation plate is 
connected to the servomotor (7) through two stainless steel cables (2). When the 
motor turns, one of the cables will pull the actuation plate to bend the tail. As 
the cables are flexible, the cable on the opposite side will loosen and will not 
exert a significant force. The servomotor itself is attached on the chassis with a 
fixing mechanism (4). The mechanism allows adjusting the pre-tension of the 
steel cables by moving the motor front- or backwards.  We use a Futaba 
BLS152 brushless metal gear servomotor. It was chosen because of a high 
reliability and very high torque (3.5 Nm) compared to the regular hobby 
servomotors. The metal body of the motor is placed between two aluminum 
heat sinks (6). The other end of the heat sinks is connected to the aluminum 
chassis to transfer heat from the motor to the surrounding water. Effective 
cooling is necessary to stabilize the temperature inside the robot. Stable 
temperature in turn is required to improve the precision of the pressure 
measurements.  

The fish robot is equipped with five piezoresistive silicon absolute pressure 
sensors (10) that form an artificial lateral line. The reasoning behind choosing 
the specific sensors, their positioning and a more thorough description of their 
characteristics is given in Chapter 3. Here we just show that the sensors are 
pressed into the rubber casings (9) that are glued onto the interior wall of the 
plastic nose cover. The rubber casings are connected to the bronze tubes (11) 
glued into the plastic cover. The back walls of the rubber casings are covered 
with a thick tape to provide shielding from thermal radiation from the motor and 
the electronics (not drawn on the figure). 

The sensors and the motor are connected to the 400 MHz ARM computer 
running dedicated software on a Linux operating system. The computer acquires 
the pressure sensor data and controls the servomotor. In our study the robot is 
not working autonomously, so that the on-board computer is not actually 
running any real-time data analysis. Its main task is to communicate with an 
external PC over a serial interface through a cable. The frequency of the 
communication and thus also the data acquisition frequency is limited to 100 
Hz. The cable is chosen as flexible and small-diameter as possible to minimize 
its effect on the robots movement. However, the minimum size is dictated by 
the power requirements of the robot, as the cable also provides a 24V power 
supply for the robot. The 24V is converted to 5V inside the robot with two 
separate regulators - one for the motor and other for the computer and sensors. 

The real-time robot control software operates on external computer running 
dedicated software developed in LabVIEW. The software is responsible for 
analyzing the pressure sensor signals and generating the corresponding control 
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signal. The software is also managing the camera, force measurements and any 
other tasks described in the following sections.  

The robots motor is actuated using sinusoidal motion 

 𝜑𝜑 = 𝐴𝐴 ∙ sin(2𝜋𝜋𝜋𝜋𝜋𝜋) + 𝜑𝜑0 (2.1) 

,where 𝜑𝜑 is the motor angle, A is the actuation amplitude, 𝜋𝜋 is the frequency and 
𝜑𝜑0 is the motor angle offset. The velocity can be changed by changing the 
actuation frequency of the amplitude. To turn the robot, the offset 𝜑𝜑0 can be 
added to the actuation signal. This turning method does not allow fast 
maneuvers with small turning radius, but is enough to steer the robot for the 
purpose of our study. For more complex maneuvers the vehicle can be equipped 
with additional pectoral fins.  

The lack of additional fins also restricts the movement of the vehicle only to a 
single horizontal plane. However, for the studies described here, this is 
sufficient. To restrict the vertical movement, we fix a buoyant bar on top of the 
robot. The robot itself is negatively buoyant so it hangs on the buoyant bar at a 
certain depth below the water surface. 

The initial compliant tail of the robot was casted with a uniform stiffness profile 
along the length of the body. The body was made using a two-component 
silicone Dragon Skin 10 by Smooth-On. The initial tail was used to validate the 
viability of the biomimetic fish robot and to test its suitability for further 
research tasks. The results showed that the vehicle is capable to swim and turn 
as expected. However, the performance of the robot in terms of the maximum 
velocity was low. The vehicle with a constant elasticity profile was not able to 
achieve velocities higher than 0.2 BL/s. For comparison, the velocities of a 
biological rainbow trout may be as high as 8.5 BL/s  

2.4 Mimicking passive properties of biological fish 
To improve the performance of the compliant fin, we first hypothesize that by 
copying the stiffness profile and the geometrical properties of a biological fish 
body, we are able to achieve motion similar to real fish. We assume that as a 
result of increasing kinematic similarity, also the performance will increase. The 
hypothesis is based on biological evidence that fish use mostly their anterior 
muscles for steady swimming while the caudal part of the body is passive. This 
passive part acts as a carrier of energy, transferring the momentum to the 
surrounding water. Such evidence was found by McHenry et al. [53], who used 
electrical stimulation of the posterior muscles of pumpkinseed sunfish, Lepomis 
gibbosus, to investigate how the travelling waves are generated in the fish’s 
body. Another reason to mimic the body of a fish is the fact that fish use the 
passive properties of their bodies to save energy while swimming upstream. As 
already mentioned above, Beal et al. [83] have demonstrated that a dead 
rainbow trout is able to swim upstream in a wake of a cylinder.  
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The general methodology to test the hypothesis consisted of the following steps: 

1. Identification of the rainbow trout’s body properties 
2. Design and construction of the compliant bodies that have the same 

passive properties as the biological fish 
3. Characterization of the fins performance in terms of the kinematic 

similarity and thrust. 

To identify the body properties, it is first essential to understand which passive 
properties play a key role in the propagation of a travelling wave in a fish body. 
This question has been issued by Cheng et al. in [129]. They modelled the fish 
swimming and the passive properties of the fish body using a continuous 
dynamic beam model. A similar approach was used later in [102].  The analyses 
revealed that the parameters affecting the travelling wave most are the spatial 
distribution of the inertia, viscosity and elasticity. Viscosity and elasticity are 
both equally important as the tissues of fish have viscoelastic properties. Also 
the external geometry plays a crucial role in the dynamics due to the water-solid 
interactions on the fish body. 

We developed two novel methods to identify the material properties of the fish 
body. The first one is by using a Myoton device that is used in medicine to 
estimate the properties of human muscle. Another method is by directly 
measuring the stiffness of the body using a gravitational force. 

2.4.1 Myometry-driven approach 
A detailed description of using Myoton device to measure the properties of a 
fish is given in the article “Myometry-Driven Compliant-Body Design for 
Underwater Propulsion” [130], which can be found from the Appendix B. My 
role in this article is proposing the initial idea of using Myoton device, 
participating in the preparation of the Myoton measurements and doing some of 
the measurements. I also made the silicone tails for validation and participated 
in running the experiments of validation. Writing the article, analyzing the data 
and developing the main idea, the discussion and the conclusions were left to 
the other authors.  

Myoton is a hand-held digital palpation tool that measures the properties of a 
soft material by applying a mechanical impulse and then measuring the 
feedback oscillation [131]. The corresponding method is called Myometry. It is 
generally used for in vivo measurements of muscle tissue properties in medicine 
[132], [133]. From the oscillation, the Myoton calculates the following tissue 
parameters [134]:  

• Natural oscillation frequency [Hz] 
• Logarithmic decrement of natural oscillation 
• Dynamic stiffness [N/m] 
• Mechanical stress relaxation time [ms] 
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• Ratio of deformation and relaxation time (Deborah number) 

As we can see, these parameters match very well the properties that play the key 
role in fish body dynamics. Especially relevant are the dynamic stiffness to 
describe the elastic properties and the mechanical relaxation time and Deborah 
number to describe the viscoelastic properties, namely creep. The problem is 
that these parameters do not describe only the properties of the muscle tissue, 
but the properties of a much more complex system consisting of the tissue, skin, 
backbone, internal organs and also the supporting surface of the fish under 
measurement. Therefore, it is important to understand the relation between the 
Myoton output and the design parameters of the silicone tail. 

In our study we concentrated only on the elasticity distribution of the fish body. 
We found the relation between the measured dynamic stiffness and the young’s 
modulus of the measured material by calibrating the device on a test piece. The 
test piece was a silicone body with a decreasing elliptical cross-section towards 
the end of the tail resembling the shape of fish. Its material properties are 
known and therefore its actual stiffness can be calculated. We modelled the 
relation between the Myoton output 𝑘𝑘 and the materials Young’s modulus E 
using the following empirical relation:  

 𝑘𝑘 = 𝛼𝛼
𝐸𝐸𝐴𝐴
𝑤𝑤

 (2.2) 

,where 𝑘𝑘 is the measured dynamic stiffness, E is the materials Young’s 
modulus, A is the area of the measurement probe, 𝑤𝑤 is the width of the test 
piece at the measurement point and 𝛼𝛼 is an empirical scaling coefficient. A 
more detailed explanation about the calibration is given in the original article. 

After calibrating the device for our application we determined Young’s modulus 
of rainbow trout’s body. We used two fresh-water rainbow trout’s caught from a 
fish farm. The fish were 40 cm and 50 cm in length, approximately matching 

Figure 2.3 – Myometry measurements on a Rainbow Trout. a) points where the 
measurements were taken from; b) the resulting Young’s moduli of 2 fish of same size. 
For comparison the moduli of 2 silicones used for casting the prototypes are added. 
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the size of the designed robot. We performed Myometry shortly after execution 
to minimize the effect of rigor mortis. Every measurement was repeated 10 
times. The measurement points are shown in Figure 2.3a. The measured 
Young’s modulus profiles are shown in Figure 2.3b. From the results it can be 
seen that the young’s modulus of the fish increases greatly towards the tail. That 
is an important fact to take into consideration when designing biomimetic fins.  

The next step was to develop biomimetic fins with different elasticity 
distributions for comparison. We developed three main prototypes: 

1. A fin with an average Young’s modulus approximately the same as the 
trout 

2. A fin with much higher Young’s modulus 
3. A fin which has a lower modulus in the anterior part and a higher 

modulus in the posterior part to mimic the stiffness profile of a trout.  

We estimated the performance of the fins based on their kinematic similarity to 
an oscillation of a dead trout. The prototypes were attached on a waterproofed 
motor inside a flow-tunnel. They were actuated with sinusoidal motion using 
different amplitudes, frequencies and flow-speeds. The resulting travelling wave 
in the fins was recorded with an overhead camera. The video footage was 
analyzed using custom-made automated LabVIEW software. The same 
procedure was repeated on a dead trout of a similar size. The kinematic 
similarity between the prototypes and the dead trout was then estimated by 
comparing the mean absolute lateral motion difference and the Spearman rank 
correlations between the prototype and the fish. A more detailed description 
about the experiments and data analysis can be found from the article in the 
Appendix B.  

The results demonstrated in the paper show that the prototype composed of 2 
different silicones performed slightly better than single-component prototypes. 
Therefore, we conclude from the study that the biomimetic stiffness profile 
increases the tails kinematic similarity to the biological trout. We can also 
conclude that myometry is a promising approach for developing such 
biomimetic fins. We were able to use it to identify the body properties of a 
biological trout. This in turn led to the improved performance of the oscillating 
fin. 

However, our conclusions are adequate for a relatively limited scenario. 
Estimating the performance only based on the kinematics analysis does not give 
much information about the actual applicability of the fin on an underwater 
robot. The first parameter to optimize the fin for in real applications is thrust. 
However, better kinematic similarity does not necessarily lead to higher thrust. 
Therefore, thrust has to be measured separately to get a better overview of the 
fins performance. Moreover, in our study we used a dead trout on a motor as a 
motion reference. Unfortunately there are no studies that prove the motion 
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similarity of such system to a living trout. Our comparative experiments only 
show that our fin and a trout behave similarly when actuated in the same way, 
but we cannot claim that neither of these systems moves in the same way as a 
swimming fish.  

More limitations are related to the Myoton measurements. We calibrated the 
Myoton output on a single dummy for a very specific situation. The calibration 
is certainly valid only for the measurements of very similar silicone bodies. We 
do not know how precise the results are when measuring the biological trout. A 
real fish is a complex system composed not only of a soft tissue but also a 
backbone, skin etc. Therefore, the Myoton calibration should be validated 
separately for this system by measuring the stiffness of the trout using some 
other method. 

None of the prototypes followed the actual stiffness distribution measured by 
Myoton. The two-component body was close to a real trout, but still failed to 
follow the Young’s modulus values along most of its length. Therefore, there is 
a chance that when the stiffness similarity is increased more, the performance 
will actually decrease.  We cannot make strong conclusions based only on a 
single biomimetic prototype.  

2.4.2 Measuring the bending stiffness of a fish using a gravitational force 
To overcome the issues related to the previous study, we propose a different 
approach for identifying the fish body properties. This approach allows us to 
validate the results acquired using myometry. A detailed explanation about the 
method is given in the article “A Flexible Fin with Bio-Inspired Stiffness 
Profile and Geometry”, which was published in the Journal of Bionic 
Engineering [135] (Appendix C). My contribution to the article is developing 
the methodology for stiffness measurements, designing and constructing the fin, 
developing the methodology for performance analysis, running all the 
experiments and writing the article. Co-author Maarja Kruusmaa was 
supervising the study. The work published in the article was partly done already 
during my master thesis and the results have been also partially published there. 
The article was written during my PhD studies and I include it here for the sake 
of integrity of my whole study about the robotic fish design. 

The first step is the characterization of the fish body properties. As we described 
in the previous sub-section, it is difficult to estimate the separate properties of 
the muscle tissue, backbone, etc. Another way is to measure the properties of 
the whole system together. Again we are concentrating only on the elastic 
properties, leaving aside the viscoelasticity. Therefore, the main parameter of 
interest is again the stiffness. It is known that the bending stiffness 𝜅𝜅(𝑥𝑥) along 
the fish longitudinal axis 𝑥𝑥 is the ratio of applied moment 𝑀𝑀(𝑥𝑥) and the 
resulting body curvature 𝑘𝑘(𝑥𝑥). 
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𝜅𝜅(𝑥𝑥) =

𝑀𝑀(𝑥𝑥)
𝑘𝑘(𝑥𝑥)

 
(2.3) 

In our method we are directly measuring both, the applied moment and the 
curvature. Instead of using a complex rig with force sensors and actuators to 
apply moment, we use gravity.  

We used a 50 cm rainbow trout caught from a fish farm. Shortly after execution 
by farmer, the trout was mounted horizontally in a fixture by its anterior body. 
The fish was in the fixture on its side so that its posterior body was hanging 
freely. The body was bent downwards by the gravitational force. The body of 
the trout was photographed on a contrast background using a spatially calibrated 
camera system (Figure 2.4). The images were analyzed using custom-made 
LabVIEW software. The software extracted the midline of the trout’s body, 
which was used to find a function describing the body’s curvature.  

After measuring the curvature the mass distribution of the trout was identified.  
The fish was sliced longitudinally into 20 mm pieces. Weight, width and height 
of every piece were measured. From weight we found the mass of the trout per 
unit length and from the dimensions we identified the geometry. From the 
curvature and the mass distribution we calculated the bending stiffness profile 
of a trout. We approximated the geometry with ellipses to be able to calculate 
the area moment of inertia 𝐼𝐼(𝑥𝑥) of the fish cross-sections. From the area 
moment of inertia and the bending stiffness we can find an average young’s 
modulus of the fish cross-section  

Figure 2.4  - An example of photos used to identify the bending curvature of the fish. 
The red line marks the automatically extracted midline. 

42 



 

 
𝐸𝐸𝐴𝐴(𝑥𝑥) =

𝜅𝜅(𝑥𝑥)
𝐼𝐼(𝑥𝑥)

 
( 2.4) 

The average modulus is shown in Figure 2.5 together with the modulus found 
using Myoton.  

The results show that the average Young’s modulus is increasing towards the 
tail as was predicted basing on the previous studies and the Myoton results. 
However, the absolute values measured using the gravity-based approach are 
smaller from these acquired with the Myoton. The difference is approximately 
in a range of one order of magnitude. This bias proves that there is a systematic 
error in one of the approaches. To identify the faulty method, we conducted a 
simple verification test. The verification test was similar to the curvature 
measurement of a real trout. The tail designed using a myometry-driven 
approach was placed horizontally on the rig and its bending curvature was 
observed. It was clear that the prototype bends much less than the real trout and 
has thus a much higher average Young’s modulus.  Therefore, we can now state 
that the method we used to calibrate the Myoton is not sound. The reason is 
probably related to the fact that the Myoton was calibrated on a monolithic 
silicone dummy composed of an isotropic material. Fish in the other hand has a 
complex structure of multiple materials. Also, the Myoton does not measure the 
average dynamic stiffness values through the whole fish cross section. It instead 
creates an oscillation only in a certain portion of the fish body. This portion may 
include different materials depending on the specific location where the 
measurement was taken from.  

2.4.3 Biomimetic fin with continuous elasticity profile 
We continued the study with the Young’s modulus values achieved from the 
gravity-based method. The next step was to develop a fin whose stiffness profile 
matches that of a trout as closely as possible. As the geometry is fixed, we 

Figure 2.5  - Distribution of the Young’s modulus along the body of the Rainbow Trout  
estimated using two different methods.  
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needed to change the average Young’s modulus of the cross-section’s along the 
length of the fin. To do this we came up with a composite fin design seen in 
Figure 2.6. The fin is composed of two concentrically casted silicone materials 
with different Young’s moduli. By varying the cross-section of internal, harder 
material, the total average stiffness can be modified. The 50 mm part in the end 
of the fin is casted of harder silicone to mimic a relatively rigid caudal fin of a 
trout. As the fish tissue is very soft, conventional silicone rubbers were not 
enough to achieve a low stiffness of a fish. Therefore, as the external material of 
the prototype we used a two-component silicone foam (“Soma Foama” by 
Smooth-On). During a casting process the foam was covered with a thin layer of 
silicone rubber to avoid the absorption of water into the foam. 

2.4.4 Performance of the biomimetic fin 
The performance of the fin was identified in the flow-tunnel of the Centre for 
Biorobotics. The fin was actuated with different frequencies and amplitudes, 
and its motion was again captured with an overhead camera. To improve the 
precision of the motion-capture, black markers were placed on the back of the 
fin. The generated thrust and lateral forces were measured using a force-plate 
mounted under the motor which moves the fin. We also tried to give an 
approximate estimation of the swimming velocity of vehicle with such a fin. For 
that we implemented a PI controller that controlled the tail-beat frequency to 
balance the thrust and drag forces. We changed the flow-speed and recorded an 
average frequency needed to balance the forces at certain speed. This method of 
course gives only an approximate result as the systems movement is 
constrained. A freely swimming robot fish can also rotate and move sideways 
while swimming.  

We characterized the kinematics of the tail by the length of the propulsive wave 
and the trailing edge amplitude. These parameters allow us to compare the 
motion of the composite tail to the motion of a swimming trout. The reference 
motion is published by Webb et al. in [136]. The kinematic parameters of our 
fin compared to the biological values are shown in Figure 2.7. Figure 2.8 shows 
the estimated swimming velocity at the corresponding actuation parameters.  

Figure 2.6 – Left: a top view and a cross-sectional view of the composite silicone tail 
schematics; Right: A casted composite silicone tail prototype. 
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From the propulsive wave length graph it can be seen that the wavelength of our 
compliant tail is very similar to that of a trout with a same size. The maximum 
deflection from the biological value in the whole actuation frequency range is 
only 16 %. We can also see that with our fin, the wave length is related to the 
actuation frequency while the wave length of a swimming trout is constant. The 
tail-beat amplitude graph shows that when choosing the right actuation 
amplitude, we can also achieve an exact match of the tail-beat amplitude. 
However, the amplitude is again dependent on the actuation frequency.  

The swimming speed results show that the estimated velocity of a robotic fish 
with the bio-mimetic tail reaches well the biological values in our frequency 
range. However, our main interest in the light of our hypothesis is the velocity 
at the actuation parameter values which give the most similar kinematics to 
trout. The velocity of our tail at these parameter values (6.6 degree amplitude 

Figure 2.7 – Propulsive wave length and tail-beat amplitude of the composite tail at 
different actuation parameters. The corresponding values for a biological trout are 
marked with a solid line. 
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and 2.3 Hz frequency) is in the range of 0.2…0.24 m·s-1 (0.4…0.48 BL·s-1). 
This is only 30% to 37% of that of a real trout with same size.  

2.4.5 Conclusions about the bio-inspired stiffness profile 
As our results showed, the kinematic parameters of our composite fin almost 
precisely match these of a freely swimming trout. This proves the first part of 
our hypothesis. Fish-like swimming can be achieved by mimicking the stiffness 
profile and geometry of the rainbow trout on the pitching fin. However, the 
results also show that our assumption about the generated thrust forces is not 
true. Even though the kinematics is similar to the fish, the thrust forces 
generated by the fin are only a fraction of the forces generated by a trout. The 
reason for this could be the small number of kinematic parameters used in 
analysis. We used only the wavelength and tail-beat amplitude, but these 
parameters do not fully define the motion of the fin. They do not give any 
information about the lateral and rotational motion of the whole fish body, 
which presumably play an important role in the fish swimming dynamics. 
Literature provides an in-depth characterization of the lateral and rotational 
motion, but only for a relatively small trout [81]. It has not been studied, how 
the kinematics scales up to a large, 50 cm trout that is being used as a reference 
in our work. Therefore, to follow up the proof of our hypothesis, more detailed 
kinematical references have to be acquired. 

Figure 2.8 – Swimming velocity of a composite tail at different actuation parameters. 
Swimming velocity of a biological trout is marked with a solid line. 
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Another limitation of our approach to mimic a biological stiffness profile is that 
we use only a passive stiffness as a reference, while living fish also actively 
vary their stiffness. They use muscles to change the stiffness and thus the 
natural frequency of their bodies [56]. This active control allows fish to tune 
their body properties for different situations, i.e. steady swimming, escape 
maneuver, Kàrman gaiting etc. Also they can optimize their cost of 
transportation by matching the swimming frequency to their natural frequency. 
The importance of the frequency is also visible in the results of our study. All 
the kinematic parameters we used are depending on the actuation frequency. 
The low thrust performance of our fin is probably also related to the fact that the 
optimum body stiffness for steady swimming is not equal only to the passive 
stiffness but to the combination of active and passive.  

2.5 Experimental validation of model-based body design 
To improve the thrust of the fin by optimizing its stiffness profile for a certain 
swimming parameters, there are two general approaches – experimental and 
model-based. Experimental approach would include developing a series of 
prototypes, whose performance in terms of desired target parameters can be 
measured. The results of the experiments would give the relationship between 
the design parameters, for example material properties, and the parameters 
under optimization, for example thrust at certain actuation assumptions. This 
approach, however, is very time-consuming as it requires large amount of 
prototypes. Also, the experimental approach does not give the explanation for 
the actual principles behind the empirical relations. 

The problem with a model-based approach is that the dynamics of our system 
includes large-amplitude oscillations of the viscoelastic soft body which is 
interacting with a surrounding fluid. As we described in the limitations of 
previous studies in Section 2.1, the current theoretical models are not able to 
describe such systems with a satisfactory precision. Therefore, we have also 
contributed to improve the current models. 

An in-depth description of the compliant robotic fish modelling is given in the 
article “A Bio-inspired Compliant Robotic Fish: Design and Experiments” 
[137], which is published in the proceedings of the 2012 IEEE International 
Conference on Robotics and Automation (Appendix D). A continuation of this 
study is presented in the article “Modelling of a biologically inspired robotic 
fish driven by compliant parts” [138] which is published in IOP Journal of 
Bioinspiration and Biomimetics in 2014 (Appendix E). The two main parts of 
both papers are modelling the dynamics of the compliant body and validating 
the models through experiments. The modelling and the theoretical work are 
fully done by the first author of the paper Hadi El Daou. My contribution is the 
development of experimental methods for model parameter identification and 
experimental validation. This includes developing the methodology, the 
experimental setup and conducting the experiments.  
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In the first of these articles an added mass is used to define the hydrodynamic 
forces on the compliant robot’s body. The second article elaborates the model 
by using Lighthill’s elongated body theory [54], which is more general and 
better suited for the geometry and dynamics of subcarangiform swimming. An 
assumed modes method was used to derive the equations of motion and to 
compute the relationship between the applied moment and the resulting lateral 
deflections. Rayleigh proportional damping was used in both articles to model 
the damping, but a more general solution was used in the second paper. 

The experimental work required for modelling included two main parts: 1) 
estimation of the natural frequencies of the compliant tail and 2) verification of 
the theoretical model by comparison of experimental and theoretical lateral 
deflections. The natural frequencies were required to compute the Rayleigh 
damping coefficients used in the model. Comparison of the lateral deflections 
was used to show that the predicted kinematics of the tail and the actual 
kinematics are in good agreement and thus the model is valid to predict the 
motion of the tail at given actuation properties. 

To estimate the natural frequencies and to measure the kinematics, we 
developed an experimental measurement device. The device oscillates the 
robotic tail at different frequencies and measures the resulting torque. The 
frequencies with minimum resulting torques are considered to be natural for a 
system. An alternative approach would be to actuate the system and measure the 
amplitude of resulting oscillations. At the natural frequencies the amplitude is 
largest. However, in practice this approach can only be used to find the first 
natural frequency. Identifying the higher modes of oscillation from the video is 
unfeasible, as the oscillations at higher harmonic frequencies are too small. 

The schematic of the measurement system is presented in Figure 2.9. The 
compliant body under measurement is mounted together with a chassis of the 
robot inside a water tank (4). The internal servo-motor of the robot is replaced 
by an external servo-motor (1), which is connected to the actuation cables of the 
tail through a vertical shaft (3). In between the shaft there is a custom-built 
torque sensor (2) which is connected to a strain-gauge amplifier. To estimate the 
kinematics of the compliant body, the silicone body is marked using black dots 
(6) attached on its top midline. The position of the dots is tracked using an over-
head camera (5) at 50 frames per second. The whole system and data recording 
is controlled through a PC running LabVIEW. 

The minimum actuation torque was measured at frequencies 3.30 Hz and 9.96 
Hz, which are the first and the second resonance frequency of the compliant 
body in air. The third resonance frequency is predicted to be close to 34 Hz. 
However, our experimental setup was not able to actuate the tail at such high 
frequencies and thus only the first two resonant frequencies could be identified. 
We used these two frequencies to calculate the Rayleigh damping coefficients 
needed to identify the model parameters. After measuring the frequencies in air 
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we ran a resonant frequency validation experiment in water to verify our 
methodology.  We immersed the robot by filling the tank with water and 
repeated the experiment. The first resonant frequency in water is predicted to be 
close to 0.8 Hz, which is too low to be measured as the torque resulting from 
the hydrodynamic drag is too high. The second resonant frequency was 
measured to be 3.37 Hz. The second calculated resonant frequency was 3.1 Hz. 
The error between the model-predicted and measured value is equal to 8%. 
Therefore, our methodology is validated. 

To further verify the model, we also measured the lateral deflections of the 
compliant body and compared them to model-predicted values. We actuated the 
robot by a sinusoidal signal using a known torque at series of different 
frequencies. We recorded the lateral deflections using the overhead camera and 
compared them to these predicted by the model. The comparison of the 
calculated and measured maximum lateral deflections at different frequencies 
and different locations on the tail are presented in Figure 2.11. The results show 
that the maximum percentage of absolute errors between the model-predicted 
and the measured deflections for the tip of the body for frequencies 0.7 Hz and 

Figure 2.10 - Experimental setup for measuring the natural frequencies of the compliant 
body and estimating its lateral deflections. 1 – Servomotor; 2 – Torque sensor; 3 – 
Shaft; 4 – Tank; 5 – Overhead camera; 6 – Markers on the tail. 
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1 Hz are 12% and 11%. At higher frequencies the error increases (48%, 42%, 
28%, and 32% for frequencies 1.6 Hz, 2.0 Hz, 2.3 Hz, and 2.6 Hz respectively).  

From the results we can conclude that the presented model is very well able to 
predict the kinematics of the compliant oscillating body at lower frequencies. It 
is predicted that the error at higher frequencies could be reduced by measuring 
also the higher resonant frequencies to get a more precise estimate of the 
damping ratios for the higher harmonics. 

2.6 Conclusions 
In this chapter we described the novel design methodology of the compliant-
bodied robotic trout. Even though the general locomotion principle of the robot 
is based on previous similar robots [102], we have developed different, novel 
approaches for finding the optimal properties of the silicone tails. The robot is 
also unique as it carries an artificial lateral line. 

Figure 2.11 – Lateral deflections of the robots compliant tail at different frequencies. 
Blue line marks the theoretical model-predicted values. Green line marks the 
experimentally measured values. The markers show the position of the black dots on the 
tail. 
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By designing and testing the robot we proved that the compliant approach is a 
good alternative to fish-robots with rigid links. Our design meets most of the 
design requirements we set for the robots that have to work in turbulent waters. 
The technology is applicable, durable and passively adapts to the flow. The 
results showed that the robot, depending on the specific tail design, was able to 
swim at the velocities of 0.4 body lengths per second and was able to achieve 
kinematics similar to real trout. 

We introduced a novel approach of designing the compliant tail of the robot by 
mimicking the body properties of a real trout. We proved that in terms of 
kinematic similarity this approach is valid. To identify the body properties of 
trout we proposed two new approaches. The myometry-driven approach is a 
very promising method that in theory can be used to estimate most of the 
parameters used while designing viscoelastic bodies. However, the 
methodology has to be improved by developing sound measuring models that 
can be validated on large sets of biological and dummy specimens. Until now 
this work has only been done to measure human tissue properties, but never for 
fish. To overcome the current limitations of the Myoton-approach, we proposed 
another novel approach for identifying the passive properties. By using a 
gravitational force we were able to identify the required parameters. We used 
these parameters to develop a new type of an oscillating fin with a continuous 
stiffness profile throughout the body. The motions of this fin were very similar 
to the motions of a swimming fish. 

In addition to the experimental methods for designing the compliant body, we 
also contributed to verification and development of a novel theoretical model 
describing our system. The described model was able to predict the motions of a 
compliant-bodied robot with high accuracy. The verification proves that this 
model can be used to improve the performance of the robot. The material and 
geometrical parameters of the tail can be used to calculate the deflections of the 
robot without measuring them on a prototype.  
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3 FLOW-RELATIVE CONTROL 

As we pointed out in the introduction, the flow awareness and adaptability can 
be either passive or active. Whereas the last chapter concentrated on the passive 
properties of our robotic fish, the emphasis of this chapter is on the active flow 
awareness and adaptability. The goal is to develop an artificial lateral line 
system simple enough to be used for real-time control of an underwater vehicle.  

In the background chapter we gave an overview of different artificial lateral 
lines (subsection section 1.3.3). We also described how these lateral lines have 
been used to detect different events in the flow or to identify various flow 
patterns (subsection 1.3.4). From the perspective of our task, all these studies 
have one major limitation. Their methods and algorithms have been developed 
for and tested only on static measurement platforms or platforms with very few 
degrees of freedom.  There have been no studies where the artificial lateral line 
is in use to control a freely swimming underwater vehicle.  

In this chapter we first describe the design rationale and the implementation of 
the lateral line system that is most suitable for real-time control. After that we 
describe the experimental setup where the system has been tested. From there 
we go on to the control of the robot using the artificial lateral line.  

In Sections 3.3 and 3.4 we concentrate on mimicking the fish lateral line based 
behaviors that would be most beneficial for a small-scale underwater vehicle 
operating in rapidly flowing waters. We try to find simple control laws that are 
easily applicable and usable in real time. The capabilities we are implementing 
on our fish-robot are: 

• Identification and discrimination of flow regimens 
• Detecting the orientation of the robot with respect to the flow direction 
• Measuring the flow speed 
• Estimating the position of the robot in the wake of an object 

3.1 Artificial lateral line 
Before implementing the control, the most suitable sensing principle has to be 
chosen. Again, we start by identifying the criteria that the lateral line system has 
to meet. The first criterion is defined by our main requirement, which is the 
applicability of the system in the future in real-world applications. This means 
that the sensor technology has to be reliable enough to handle the rough 
environmental conditions which may occur when the vehicle is used outside the 
lab. The sensors should not break when they bump against other objects. Also 
they should be able to work in salty or dirty water. The other criterion is that the 
sensors characteristics have to be such that the system can be used for real-time 
control. This means sufficient precision, resolution and sampling frequency. In 
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addition, the lateral line sensors have to be miniature enough to be placed into 
our small-sized vehicle. 

The solution with the highest biological similarity would be to use the artificial 
superficial neuromast sensors [105]–[111]. Superficial neuromast sensors are 
also extremely small and therefore large arrays of sensors with tens or hundreds 
of artificial neuromasts could be placed on an underwater vehicle. They also 
provide very high sensitivities up to 2.5 µms-1.  However, the major limitation 
of using the artificial superficial neuromasts is that they are extremely fragile. 
They are usually tested only in deionized clean water. Even the sediment 
particles in water may damage the sensor, not to mention walls, rocks etc. 
Therefore, these sensors are not suitable for our application. The same problem 
occurs with hot-wire anemometry sensors that have been used by some authors 
[118], [139]. 

Another solution would be to use flat MEMS pressure sensor arrays mounted on 
the surface of the robot. Such sensors have been developed and their 
preliminary application in the artificial lateral line has been demonstrated in 
[114], [115]. The sensors developed in these studies are sensitive and they can 
be used to build dense sensors arrays. These arrays would be extremely useful 
as they would allow mapping the whole pressure field on the body of an 
underwater vehicle. However, the MEMS arrays are not yet mature enough for 
application. They are not available off-the-shelf and their production is a 
complex process requiring special equipment. The authors also don’t report the 
reliability and robustness of their sensors. Therefore, we believe that at the 
moment the technology readiness level is not high enough. However, this 
technology is extremely promising for using in flow-based control of 
underwater vehicles.  

The third option is to use single commercial pressure sensors distributed on the 
body of the vehicle. This approach has been chosen in various other studies 
made in the framework of the FILOSE project [123]. Ježov for example has 
developed 3 static platforms with an artificial lateral line consisting of 
piezoresistive off-the-shelf pressure sensors [140]. These sensors can be 
mounted inside the vehicle so that they are almost fully separated from the 
external environment. The only connection to the external environment is the 
pressure port between the sensor and the surface of the vehicle. Therefore they 
are robust and reliable even if the vehicle is operating in natural environments. 
The sensors used by Ježov have been sensitive and fast enough to detect various 
hydrodynamic events such as the vortices generated by the cylinder [141]. Even 
though the size of the piezoresistive pressure sensors is not comparable to the 
size of MEMS pressure sensor arrays, they are made in relatively small package 
so that several of them can be fitted inside our fish-robot. Because of these 
reasons the piezoresistive pressure sensors are most suitable for our study with 
the freely-swimming robotic fish. 
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As we already briefly mentioned in the vehicle design Subsection 2.3, there are 
5 piezoresistive pressure sensors mounted on the head of the robot - one on the 
tip of the nose and 2 on each side (Figure 3.1). We use Intersema MS5407-AM 
miniature low-noise, high-sensitivity, and high-linearity piezoresistive sensors. 
Each sensor is mounted on a separate PCB that includes also a 22-bit 
differential analog-digital converter. The ADC gives us a sensitivity of 0.1 Pa. 
As the pressure sensors are sensitive to the temperature variations, each PCB 
also includes a temperature sensor for compensation. The pressure and the 
temperature values are transferred to the robot’s computer over SPI interface.  

The sensors are mounted into the special rubber casings that are glued on the 
inner wall of the fish plastic nose cover. The pressure sensitive area of each 
sensor is connected to the outer surface of the robot through a 1.2 mm bronze 
tube.  

3.2 Experimental setup 
All the experiments with the robotic fish and its artificial lateral line were 
conducted in the flow tunnel of the Centre for Biorobotics. The flow-tunnel is 
of a submerged closed-top type. It is built into a water tank with a length of 4 m, 
width of 1.5 m and height of 1.5 m. The image of the tank can be seen in Figure 
3.2. Image also shows the flow-tunnel which is submerged into the tank. The 
tunnel has a 1.5 m long working section with the width and height of 0.5 
meters. The working section is preceded by the collimator and flow guides that 
are designed to assure a uniform flow velocity in the whole working area. The 
flow is created by a propeller driven by an AC motor with a frequency inverter. 
The maximum flow velocity in the tunnel is 1.0 m/s.  

The robot is placed into the flow tunnel so that it can freely move on a 
horizontal plane while its vertical movement is constrained (Figure 3.3). It is 
mounted to the buoyant floater by the rod on the top of the robot. The robot is 
heavier than water so that it hangs on the floater. The floater itself is sliding on 

Figure 3.1 – Pressure sensors in the head of the robot (top view). 1 – Sensor with 
amplifier and ADC; 2 – Pressure port; 3 – rubber casing. S1 to S5 show the numbering 
of the sensors. 
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the upper glass wall of the flow tunnel to allow horizontal movements. The 
contact points between the floater and the glass are two round plastic tips that 
help to minimize the friction. Also the buoyancy of the system is precisely 
balanced for that purpose. We constrained the vertical movement because the 
fish-robot at the moment is not designed to be neutrally buoyant or to control its 
depth. This setup also helps to analyze the pressure sensors signals. The 
hydrostatic pressure changes caused by the changes in depth are eliminated and 
we can concentrate only on the hydrodynamic pressure.  

The robots position was tracked using an overhead camera. The camera was 
fixed above the flow tunnel and it filmed the robot through the upper glass wall 
of the tunnel. For precise tracking, the floater on top of the robot was equipped 
with two LED’s – one in the front and one in the back. The position of these 
LEDs was extracted in real-time using custom-made LabVIEW software 
running on the experiment PC. Before the experiments, the camera was spatially 
calibrated to acquire position of the fish in real-world coordinates with respect 
to the corner of the flow-tunnel. 

Figure 3.2 – Test tank of Centre for Biorobotics.  Left – general view; Right – the 
submerged flow tunnel built into the tank (Image courtesy of Gert Toming). 

Figure 3.3 – The experimental setup for flow-relative control. 1 – robot; 2 – buoyant 
floater; 3 – LED markers; 4 – water level; 5 – Transparent box for filming; 6 – overhead 
camera; 7 – flow direction; 8 – collimators. 
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The experiment PC that tracked the fish was also responsible for analyzing the 
pressure sensor data and controlling the vehicle. It communicated with the 
robots PC over a serial interface through a cable. We use a thin cable to 
minimize the force it is excreting to the robot. 

3.3 Robotic fish in steady flow 
We use the developed artificial lateral line to achieve different real-fish 
rheotropism behaviors on our fish-robot. Rheotropism is a tendency of water 
animals to react to mechanical stimuli of the flow [142]. By mimicking these 
behaviors we try to identify simple control laws that can be useful for the flow-
related navigation of underwater vehicles. We begin with the reactions seen in 
fish while swimming in steady flow.  

3.3.1 Rheotaxis 
The first behavior we are concentrating on is the rheotaxis. As was described in 
Subsection 1.2.3, during rheotaxis the fish orients itself towards the oncoming 
flow. This means that the fish is able to detect the direction of the flow. Such 
ability would be also beneficial for an underwater vehicle. Therefore, the first 
step is to understand the relation between the artificial lateral line readings and 
the direction of the oncoming flow. As the second step we implement a 
rheotactic behavior on our fish-robot. 

The implementation of the rheotactic behavior of the fish-robot is described in 
detail in our article “Against the flow: A Braitenberg controller for a fish robot” 
[143]. The article was published in the 2012 IEEE International Conference on 
Robotics and Automation and it can also be found from the Appendix F. I 
contributed to the article by characterizing the angle-pressure relation, 
implementing the Braitenberg controller and testing the performance of it. I 
designed and prepared all the experiments and ran them. The writing of the 
article was partially done by other authors. The rheotaxis problem is also 
addressed in our other article “Flow-relative control of an underwater robot” 
published in the Proceedings of the Royal Society A: Mathematical, Physical & 
Engineering Sciences in 2013 [144]. This article can be found from the 
Appendix G.  

Our assumption is that when the robot is rotated with respect to the flow 
direction, there will be a pressure difference on the two sides of the robots. This 
pressure difference can be detected by the artificial lateral line pressure sensors. 
Through the measured difference the angle of the robot with respect to the flow 
can be estimated. We ran an experiment to validate our assumption. The robot 
was placed in a steady flow and its orientation with respect to the flow was 
varied. The experiment was repeated with three different flow speeds. We 
recorded the pressure data and found the pressure difference between the left 
and right side of the robot. The results are shown in Figure 3.4. 
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The results show that there is a significant correlation between the pressure 
difference and the robot’s orientation. In our orientation range (-45°…45°) the 
relation can be well fitted with a linear function. The slope of the trend 
increases with the increasing flow speed and is larger for the anterior sensor pair 
(S2 and S4).  

A strong linear relationship lets us assume that the pressure difference can be 
well used to control the orientation of the robot in flow. To validate that 
assumption we implement a rheotaxis controller using a Braitenberg vehicle 
approach. Braitenberg vehicles are vehicles whose sensors are in principle 
directly connected to the actuators [145]. One example of such a vehicle is a 
light-following agent called the Braitenberg vehicle 2b. The vehicle 2b always 
orients itself towards the light source (stimulus). In our case the stimulus is the 
source of the flow. By orienting itself towards the source of the flow, the robot 
will always stay parallel to the streamlines. We used a proportional controller 
whose input is the pressure difference on the right and on the left side of the 
robot. Such controller will always try to equalize the pressure on each side of 
the fish-robot: 

 𝜑𝜑0 = [𝜃𝜃𝑠𝑠 − (𝑃𝑃𝑟𝑟 − 𝑃𝑃𝑙𝑙)]𝐾𝐾𝜑𝜑 (3.1) 

Where 𝜑𝜑0 is the robot tail offset that turns the vehicle, 𝑃𝑃𝑟𝑟 and 𝑃𝑃𝑙𝑙 are the 
pressures on the right and left side of the vehicle, 𝐾𝐾𝜑𝜑 is a proportional gain. 𝜃𝜃𝑠𝑠 
is the robot orientation set point angle. In our case the set point is 0° as we want 
the robot to orient itself towards the flow. 

Figure 3.4 – Pressure difference between the left and right side of the robot in relation 
to the orientation of the robot with respect to the flow. Measurements are taken with the 
sensor pair S2 and S4 (1st pair) and S1 and S5 (second pair) at three different flow 
speeds. 
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We tested the rheotaxis behavior in the flow tunnel with different controller 
parameters and flow-speeds. The downstream position of the robot in the tunnel 
was controlled automatically using the position feedback from the overhead 
camera. For comparison we also tested the robots behavior in two other cases: 
1) without any orientation control and 2) with an automatic proportional 
orientation control based on a feedback from the camera. The results can be 
seen in Figure 3.5. 

The experimental results show that the robot without any orientation control 
started oscillating between the sides of the flow tunnel. Its orientation was 
unstable. The robot with the Braitenberg controller on the other hand was able 
to maintain a steady orientation towards the direction of the flow. Its 
performance was similar to the performance of a robot controlled using the 
camera-feedback. These results prove that the rheotaxis behavior of an 
underwater robot can be achieved using a very simple proportional control 
based on the artificial lateral line pressure sensors.  

3.3.2 Flow speed detection 
Another lateral line related ability of fish is to detect the velocity of the flow 
[146]. It has been hypothesized that they detect the velocity by sensing the 
propagation of flow fluctuations along their body [77]. Ježov et al. have studied 

Figure 3.5 – Heading (above) and lateral position (below) of the robot in time. The 
experiment was done using 2 different controllers – flow-based and camera feedback. 
For comparison a behavior of the robot without any control is given. 
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the identification of such fluctuation propagation using artificial lateral line 
pressure sensors similar to ours [141]. They were able to detect the passing 
vortices generated by an upstream cylinder. However, their data lets us assume 
that detecting much weaker fluctuations that exist in flow without upstream 
cylinders is not feasible. The pressure sensors are not sensitive enough for this 
task. 

We have developed another method to measure flow speed with our lateral line. 
The velocity of the vehicle is estimated using the pressure distribution on its 
surface. One example of similar application is the Pitot tube that is being used 
widely to measure the wind speed or the velocity of aircrafts. A detailed 
explanation of our flow speed estimation approach is given in our article 
“Swimming Speed Control and on-board Flow Sensing of an Artificial Trout”, 
which was published in the 2011 IEEE International Conference on Robotics 
and Automation [147]. The article is also included in Appendix H. In the paper 
we use a different static platform. However, it uses the same artificial lateral 
line sensors. We estimate the flow speed using the pressure drop on the side of 
the robot. We then use that estimated flow speed to control the tail-beat 
frequency of the robot so that the thrust and drag forces are balanced. Using the 
experimental results we prove that the pressure drop on the sides of the robot 
gives a good estimation of the flow speed. Such speed estimation can be well 
used to control the swimming speed of the robot. I contributed to the article by 
1) identifying the relationship between the pressure drop and the flow speed, 2) 
characterizing the actuation properties of the robotic platform by using the force 
feedback, 3) implementing a swimming-speed control with a pressure feedback, 
4) writing the “Force control” and the “Swimming control with the onboard 
flow/pressure sensing” sections.  

In the described article the velocity measurement was done with a static 
platform fixed to a rod. Our fish robot, however, is freely moving on a 
horizontal plane. It is also constantly oscillating while it is swimming. Such 
movements can affect the pressure distribution on the body of the vehicle. 
Therefore, the velocity measurement approach has to be validated also on our 
fish-robot. We have done that in the article “Flow-relative control of an 
underwater robot”, which was published in the Proceedings of the Royal 
Society A in 2013 [144] (Appendix G). My contribution to the article is 
proposing the hypotheses, developing the methodology, running the 
experiments, analyzing the results, discussing them and making the conclusions. 

To validate the velocity measurement on a moving fish-robot, we first found the 
relationship between the pressure readings and the flow speed for our robot. We 
used two slightly different methods. First, we analyzed the pressure difference 
between the nose and the sides. Second estimation is acquired by using only the 
pressure drop on the sides of the vehicle. The resulting relations can be seen in 
Figure 3.6. 
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It is important to understand if these two relations can be used to estimate the 
flow speed relative to an actively swimming robot. To investigate this issue, we 
ran a validation experiment. We placed the robotic fish into the flowing water. 
The robot was actuated and its downstream position was kept constant using a 
PID controller with an overhead camera feedback. This controller assured that 
the fish-relative flow speed equals the flow speed in the tunnel. We gradually 
changed the flow speed during the experiment and recorded the pressure data. 
Using this data we estimated the flow speed using the methods described above. 
Figure 3.7 shows the actual flow speed and the estimated speeds during the 
experiment. The results show that the average pressure on the sides of the robot 
gives a stable and precise estimation of the flow speed. The estimation from the 
difference between the pressure on the nose and the sides, however, is very 
unstable.  

As we can see, our artificial lateral line can be well used to estimate the flow 
speed while the robot is actively swimming. As a next step we will make a 
simple validation test to ascertain the usability of the speed estimation for 

Figure 3.7 – Flow speed with respect to pressure drop measured using two different 
approaches. 

Figure 3.6 – Flow speed estimated using two different approaches. The flow speed is 
increased after every 20 seconds. The actual flow speed is shown in black. 
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controlling the underwater robot. We developed a controller that matches the 
robots speed U to the estimated flow speed V. In an ideal case such controller 
would keep the robot in a constant downstream position. In a real case, of 
course there is an odometry error that creates a drift away from the initial 
position. This drift is a parameter that shows the goodness of the velocity 
estimation.  

To show the robustness of the method, the controller is as simple as possible. 
The robots tail beat amplitude A is adjusted to match the swimming speed of the 
robot U to the surrounding flow speed V.  

 𝐴𝐴 = 1.56𝑉𝑉 − 9.1 (3.2) 

The relationship between the robot swimming speed U and the tail-beat 
amplitude A was identified experimentally. 

The robot with the speed-matching controller was placed in the flow tunnel. It 
was freely swimming while the flow-speed was gradually changed. The initial 
flow speed was 0.11 ms-1 and it was increased after every 30 s by 0.01 ms-1 up to 
0.19 ms-1. Figure 3.8 shows the flow speed, estimated flow speed and the 
robot’s downstream position during a 300 s long experiment. The results show 
that in the beginning of the experiment the robot was overestimating the flow 
speed so that it started moving upstream. However, shortly after that the 
downstream position of the robot became very stable. Later during the 
experiment the robot started slowly drifting downstream. Even though some 
drift exists, it is notable that the range of the drift throughout the experiment 
was approximately 0.4 m, which is only 4/5 of the robots body length. The 

Figure 3.8 - Downstream position of the robot controlled by the station-holding 
controller while the flow speed is gradually increased over 270 s. The actual flow speed 
and the estimated flow speed are marked on the left axis and the downstream position is 
marked on the right axis. 
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downstream drift in the end of the experiment was 0.1 m. The results of the 
validation experiment suggest that the lateral-line based speed measurement can 
provide an accurate enough odometry estimate to be used in case of an absent 
global reference.  

3.4 Robotic fish in turbid flow behind an object 
Even though the rheotaxis and the flow speed detection in uniform flow can be 
extremely useful for underwater vehicles, the real benefits of the lateral line 
appear in the vicinity of other objects. These other objects, such as rocks, poles, 
ships, other animals and fish create turbulence in the flow. This turbulence can 
be used by fish to collect useful information about its surroundings.  In reaction 
to the collected information fish show several behaviors of vital importance. 
These behaviors were explained in the Subsection 1.2.3 about the background 
of the fish flow sensing. One set of the behaviors appear when the fish is 
swimming behind a blunt object. As was explained, some fish are able to use 
the turbulence generated by the upstream object to save energy. Such ability 
would be beneficial also for an underwater robot that is working in flowing 
waters. Finding the objects and using their vortices to save energy would allow 
the vehicles to operate for longer periods on a battery power.  

As we described, there are three different behaviors that fish use to save energy 
in the vicinity of an object. The first is the Kàrman gaiting, in which the fish is 
synchronizing its swimming movements with the oncoming vortices. To mimic 
such behavior on our robotic fish we would need to first identify the position of 
the vehicle with respect to the object. After that we have to detect the vortices 
with artificial lateral line and precisely adapt the robots movements.  Detecting 
the position and the vortices with pressure sensors has been attempted by 
Venturelli et al. in [148]. They used a frequency domain analysis to find the 
dominant frequencies in pressure readings. They were able to detect the 
presence of the vortex street and to identify its various properties. However, 
their methods do not work in real time. Frequency-domain analysis requires 
data from longer period of time including multiple vortex shedding periods. 
Therefore, it is not suitable for using on our robot. A different approach that is 
also working in real time was used by Ježov et al. [141]. They used a fixed 
robotic fish-like platform with pressure sensors and moving tail to harvest 
energy from the vortices. Instead of frequency-domain analysis they identified 
extremes in pressure signals. They were able to show that synchronizing the tail 
movement to the vortices increased the efficiency up to 23%. However, such 
approach works well if the robots position in the vortex street is constrained to a 
single point. Their algorithm was tuned for very specific conditions only and it 
has to be retuned if these conditions, i.e. position, will change. Therefore, this 
approach is also not suitable for real-time control of freely swimming robot 
behind an object. 

Another energy saving behavior that fish use is swimming in the bow wake in 
front of the object. To mimic this behavior on a fish robot, we could detect the 
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increased pressure area in front of the cylinder with the artificial lateral line 
pressure sensors. However, the downstream length of the increased pressure 
area is approximately in the range of 1…2 diameters of the object creating the 
wake. And as our fish robot has pressure sensors mounted only on the head, 
with this method it is theoretically possible to detect only very large objects. 
With objects much smaller than the robot itself the bow wake does not reach the 
sensors on the head of the robot.  

The third behavior that fish use when swimming close to an object is entraining 
the flow in the edge of the suction zone behind the cylinder. Suction zone is an 
area behind the object where the flow is in the opposite direction with respect to 
the free-stream flow. Objects placed in this area are sucked against the object. 
Fish are able to balance the suction force to the downstream drag force to hold 
station and rest behind the object.  

We show that this station holding behavior can also be mimicked on our fish-
robot. The object in flow creates a distinct pressure field behind itself. We used 
the artificial lateral line pressure sensors to navigate in this pressure field and to 
achieve an energy-saving suction-zone entraining behavior. A detailed 
explanation of the study is given in Section 3 of our article “Flow-relative 
control of an underwater vehicle” [144] (Appendix G). 

3.4.1 Flow characterization 
To study the station-holding of the fish-robot, we used two different objects. 
The first was the vertical half-cylinder, which is widely used in real fish studies. 
The half-cylinder is usually used because it creates a well-developed Kàrman 
vortex street whose properties are predictable, repeatable and described 
thoroughly in the literature [149]. The second object was a cuboid. The cuboid 
was chosen because it creates less perfect and thus more natural flow 
conditions. These conditions were used to test the functionality of our methods 
in a more complex situation.  

Before the experiments with the robotic fish, we characterized the flow behind 
the two different objects using the digital particle image velocimetry (DPIV) 
system. Figure 3.9 shows the mean downstream velocity and the vorticity 
behind the cylinder and the cuboid. The appropriate parameters are given in 
Table 1. The average velocity behind the cylinder clearly shows that a distinct 
suction zone area exists. The image also shows the reduced flow area, where the 
flow speed is significantly slower from the free-stream flow. The border of 
these two areas is the most favorable either for fish or our fish robot. The 
vorticity data shows that there is also a well-developed vortex street, meaning 
that the flow-pattern behind the cylinder is stable and consistent. The flow 
behind the cuboid is much more chaotic. There is no well-developed vortex 
street.  Also, the suction zone is much smaller and the reduced flow area is 
narrower. Thus, the robot holding station behind the cuboid has to stay within  
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a much more limited area to successfully entrain the flow on the edge of the 
suction zone.  

3.4.2 Detection of the presence of the upstream object 
Before implementing the station holding, we look at the possibilities for 
detecting the presence of the upstream object. Ability of detecting the presence 
of the object is crucial if the station-holding is applied on underwater robots. It 
allows the vehicle to switch between different behaviors depending of if the task 
is to hold station and save energy or to pass the object and swim forward.  

Two different approaches for discriminating a Kàrman vortex street from a free-
stream flow are presented in [148]. The first method is using a frequency 

Figure 3.9 - Results of the DPIV analyses. (a,b) The mean downstreamvelocity behind 
the cylinder (a) andthe cuboid (b). (c,d) The vorticity behind the cylinder (c) and the 
cuboid (d). On the mean velocity (a,b): 1, suction zone; 2, reduced flow area. 

 Behind the 
cylinder 

Behind the 
cuboid 

Incoming flow speed (cm s-1) 15 15 
Tank width (cm) 50 50 
Object width (cm) 10 10 
Vortex shedding frequency (Hz) 0.4 0.3 
Vortex street width (cm) 13.7 14.8 
Suction point (cm) 13.7 6.5 
Vortex shedding point (cm) 42.4 35.5 
Mean velocity inside KVS (cm s-1) 9.4 6.1 
Mean velocity outside KVS (cm s-1) 16.4 14.4 
 

Table 1 – Flow parameters  
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spectrum analysis. This method involves analyzing the periodic pressure pulses 
created by the oncoming vortices using the fast Fourier transform. The second 
method is based on analyzing the turbulence intensity using the standard 
deviation of the pressure readings. Authors claim that with a static platform 
both of these approaches can be used to successfully distinguish the KVS. Our 
interest is, if the methods described in literature also work on a moving robotic 
fish. We implemented the algorithms presented in [148] and validated their 
functionality on our robot. We were able to verify the reported results on our 
robot while it was still. After verifying that the methods work as described by 
authors, we ran some experiments with swimming robot in the vortex street. 
The robot was controlled manually to steadily hold station. Our tests showed 
that it was possible to identify the presence of the Kàrman vortex street. 
However, the time window needed for analysis was at least 30 s. This is a clear 
mark that the previously presented methods in current form are not suitable for 
real-time control. 

Figure 3.10 - KVS detection using the pressure at the nose. (Upper) The lateral position 
of the robot with respect to the KVS midline. (Middle) the corresponding pressure at the 
nose of the robot. The thick solid line on (Upper) is the limit of the KVS and on 
(Middle) it is marking a threshold below which the robot is considered to be in the 
KVS. (Lower) Whether the robot is actually in the KVS and its evaluation about the 
presence of the KVS. 
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We propose a more robust approach for upstream object detection. As we 
described above, there is a distinct reduced pressure area behind the object in 
flow. This pressure drop can be used to quickly detect the object. We conducted 
an experiment to test the usability of such approach. We placed the robot into 
the vortex street. Its downstream distance from the object was held constant at 
50 cm using a controller based on the camera feedback. The tail-beat offset was 
manually controlled to repeatedly guide the robot into the vortex street and out 
again. The pressure at the tip of the nose during the experiment can be seen in 
Figure 3.10. The graphs show that the pressure data correlates very well with 
the presence of the vortex street. We also set a threshold to distinguish the 
presence of the object. From the lower graph we can see that using the pressure 
threshold is a precise method to detect the upstream object in our experimental 
conditions. 

3.4.3 Estimation of the objects position 
The next step after detecting the presence of the upstream object is to identify 
its position. We conducted a series of experiments to find the relationship 
between the robots position with respect to the upstream cylinder and the lateral 
line readings. The robot was placed into 0.15 ms-1 flow behind the half-cylinder. 
In the first experiments we varied its downstream distance while recording 
pressure data. In the second experiment the downstream distance was fixed and 
the lateral position with respect to the cylinder midline was changed.  

The pressure readings with respect to the distance from the cylinder are shown 
in Figure 3.11. We see that when approaching the cylinder, the average pressure 
on the sides of the robot is increasing. This is caused by the lower flow speed 
behind the cylinder that reduces the pressure drop. Another trend that can be 
seen is the pressure drop at the tip of the nose of the robot. This is also an 
expected result as the static pressure behind the cylinder is lower compared with 
the free-stream pressure. To estimate the distance from the object, we use the 

Figure 3.11 - Pressure data in KVS with respect to the distance from the cylinder. 
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sum of these two trends. In other words, the linear fit of the pressure difference 
between the nose and the sides.  

 
𝐷𝐷𝑥𝑥𝑥𝑥 =

�𝑃𝑃3 − 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎� + 36.29 + 𝐶𝐶
0.09815

 
(3.3) 

,where 𝐷𝐷𝑥𝑥𝑥𝑥 is estimated distance from the cylinder; 𝑃𝑃3 is the pressure at the nose 
and 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 is the average pressure on the sides. The constant C takes into account 
the reduced dynamic pressure at the nose resulting from the lateral oscillation of 
the head. We identified it by actuating the robot in still water and comparing the 
sensor signals with a steady robot and the actuated robot. 

When the robot moves laterally with respect to the cylinder, we expect to see an 
asymmetry in the pressure on the left- and on the right-hand side. The reason for 
the asymmetry is that the outer sensor starts to move out from the lower 
pressure area behind the cylinder while the inner sensor is still in the low 
pressure. Figure 3.12 shows the pressure difference on the left and right side of 
the robot with respect to the lateral deviation from the cylinder midline. From 
the figure we see that the expected asymmetry exists. To estimate the robot’s 
lateral position with respect to the cylinder midline, we approximated the 
pressure difference on the left and right side using a linear function 

 
𝐷𝐷𝑦𝑦𝑥𝑥 =

(𝑃𝑃𝑙𝑙 − 𝑃𝑃𝑟𝑟) + 0.63
0.59

 
(3.4) 

where 𝐷𝐷𝑦𝑦𝑥𝑥 is the deviation from the midline of the vortex street; 𝑃𝑃1 is the 
average pressure on the left-hand side of the robot and 𝑃𝑃𝑟𝑟 is the average pressure 
on the right side of the robot. 

Figure 3.12 - Pressure difference on the left- and on the right-hand sides of the fish 
robot head versus the lateral deviation fromthe midline of the KVS. 
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3.4.4 Station holding behind the object 
Using the relations described above, we implemented a station holding 
controller for the fish-robot. The controller consists of 2 parts: downstream 
distance control and the lateral position control. The aim of the downstream 
distance controller is to keep the vehicle at the edge of the suction zone. We 
chose the set point using the flow characterization results described above and 
the experiments with manual control. We manually controlled the robot to 
approach the cylinder. When moving further from certain point, the robot was 
rapidly sucked against the cylinder. The optimum set point is just slightly 
downstream from that suction point. The task of the lateral controller is to keep 
the robot aligned with the cylinder’s midline. A more detailed description of the 
controllers is given in the Appendix G. 

Figure 3.14 - Centre of mass trajectory of a robotic fish over 270 s in a KVS generated 
by the cylinderwith a station-holding control in action. Flow direction and a position of 
the cylinder are marked on the graph. 

Figure 3.13 - Trajectory of the robot’s centre of mass over 270 s holding station behind 
a cuboid. 
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We tested the same controller behind the cylinder and the cuboid in a 0.15 m/s 
flow. Typical robot trajectories over 270 s are shown in Figure 3.14 and Figure 
3.13. The images show that in both cases the robot is able to hold the position 
during the whole experiment. During the experiments we also measured the 
power consumption of the robot and compared them to the consumption in free 
flow. The results revealed that during the station holding behind the cylinder the 
robot used 7 % less energy and behind the cuboid it used 17 % less.  

3.5 Conclusions 

In this chapter we demonstrated a real-time flow-based control of an underwater 
vehicle using an artificial lateral line. By doing this we showed that a pressure-
sensing artificial lateral line can be well used on underwater vehicles that have 
to work in rapidly flowing environments. We also proved that mimicking flow-
related behaviors of fish can give extremely beneficial and directly applicable 
control methods for underwater robotics. For example rheotaxis and flow-speed 
detection would allow robots to hold station in the flow when other positioning 
references, like acoustic beacons, have been lost. Station holding, in the other 
hand, would help to save energy during long missions. 

Of course the methods we described need further study before they can be used 
in real-world applications. We only tested the basic functionality of the 
principles in controlled laboratory conditions. However, the results of our 
studies let us assume that the methods can be well expanded for using in more 
complex scenarios.  
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4 CONCLUSIONS 

In this thesis we addressed the problems of flow awareness and flow adaption of 
a small-sized underwater vehicle for turbid environments. We demonstrated that 
a bio-mimetic approach is useful for finding solutions to both of these problems. 

Artificial lateral line sensors mimicking the canal neuromasts of fish can be 
used to improve the awareness. The artificial lateral line, as described in this 
thesis, does not have to be near to the complexity of its biological analogue. 
Off-the-shelf pressure sensors are already enough to be used for a real-time 
control of a rapidly moving vehicle in steady flow as well is in a wake of an 
object [144]. To prove this point we developed a novel type of fish-robot that 
incorporated both, fish-like actuation and fish-like sensing [128], [137], [138], 
[143], [144]. We proposed various control-principles to control the robot with 
respect to flow using feedback from its artificial lateral line. Starting with the 
steady current, we developed methodology to measure the orientation of the 
vehicle with respect to the flow and showed that even a simple Braitenberg 
controller can be used to achieve stable rheotactic behavior [143]. Also, we 
developed approach for estimating flow speed and holding down-stream 
position [144], [150]. Moving from steady flow to disturbed flow, we developed 
an approach to identify and localize the upstream object using an artificial 
lateral line. We demonstrated that by holding station in the hydrodynamic 
shadow of upstream object, the energy consumption of the vehicle reduced. 
[144]. The controllers were based on behaviors of a biological fish, proving that 
not only the sensing principles of the lateral line can be used for underwater 
engineering, but also the controllers can benefit from biomimetic approach.  

Our solution to the problem mainly differs from the previous similar studies as 
it uses an actual freely-swimming underwater robot, not a constrained 
measurement platform. Therefore, this approach is much closer to industrial 
applications. The artificial lateral line with pressure sensors could serve as a 
good alternative for acoustic flow measurement devices used on the industrial 
underwater robots at the moment. It would expand the capabilities of 
autonomous underwater vehicles by providing data about the flow on their 
surface directly affecting them. The physical part of lateral line is miniature and 
can be installed on almost any vehicle. Of course the study has to be greatly 
extended before the results can be applied in real-world applications. In this 
thesis we only gave the proof of concept of the flow-based control. We showed 
that our control principles can be used even with simplistic controllers. 
However, to control a robot in more complex environments where the 
parameters of the objects and the flow are not predefined, more advanced 
control methods have to be developed. For example, adaptive controllers are a 
part of our future work.  
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In addition to mimicking fish sensing and behaviors, we also mimicked fish 
locomotion. We developed a novel approach for designing the compliant tail of 
our robotic fish. We demonstrated that fish-like swimming can be achieved by 
neglecting the distributed muscle actuation of biological fish and creating a 
compliant body whose geometry and elasticity distribution are mimicking these 
of a real fish [135]. To identify the elasticity distribution of fish, we proposed 2 
novel approaches: by using Myometry [130] or by applying moment to soft 
body using gravity [135]. In addition to empirical approach to the tail-design we 
also contributed to model-based methods by developing an experimental 
methodology for validating the dynamics models of the biomimetic oscillating 
fins [137].  

Even though we demonstrated that by mimicking the passive properties of a 
trout helps us to improve the kinematical similarity of the robot to biological 
fish, we saw that only passive properties are not enough to achieve high thrust 
and efficiency of the compliant-bodied robot. We have to tune the passive 
properties of the robot to match the properties of a live swimming fish. The 
tuning of these properties could be done with the help of new analytical models, 
such as the one we validated in this thesis. Another solution, which can be a part 
of future work, would be to develop a compliant fish robot with variable 
stiffness control. The stiffness control would allow tuning the body parameters 
in real time to optimize them for the specific swimming scenario. 

The combination of the soft-bodied fish robot and its flow-based control 
provides a new approach for designing underwater systems for turbulent waters. 
This system adapts to the flow both passively and actively and has therefore 
many advantages with respect to traditional rigid underwater vehicles with no 
sense of flow.  
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ABSTRACT 

Fishes have a flow-sensing organ called the lateral line. In this thesis we argue 
that a man-made copy of a lateral line is an excellent tool for flow-relative 
control of an underwater robot. A simple biomimetic flow-sensor array can be 
effectively used to control a rapidly moving vehicle in steady flow as well as in 
a wake of an object. To prove our argument, we demonstrate a soft-bodied fish-
robot with an array of pressure sensors mounted on its head. We use these 
pressure sensors to mimic different flow-related behaviors of fish on the robot. 
By implementing these behaviors we also show that bio-mimetic approach can 
be directly used to design control principles that are well applicable on 
underwater robots. In addition to the flow-based control, we use the developed 
soft-bodied fish-robot to advance the current knowledge about the biomimetic 
fin design. We demonstrate novel design approaches that help to improve the 
performance of fish-like compliant bodies. The combination of the soft-bodied 
fish-robot and the flow-based control provides a novel design approach for 
underwater robots working in rapidly flowing waters like rivers, canals etc. 

The work is motivated by the fact that underwater robots at the moment are not 
able to adapt to the flow to the sufficient degree. There are some methods, like 
acoustic Doppler current profiling, that can be used to measure the flow 
movement around the vehicle. However, these methods require large devices 
that are not suitable for miniature vehicles. Therefore, at the moment the 
possibilities for making small vehicles for riverine environments are extremely 
limited.  

We approach the problem by taking inspiration from fish. All fishes are capable 
of sensing the flow and adapting to it. They use their lateral line to feel how the 
water is moving around their body and they actively react to the movements. In 
addition to the active reactions they also show passive reactions to the water 
movements. It means they have compliant bodies that bend in the flow, 
reducing the effect of vortices and smaller water motions on the movement of 
the whole fish. Our goal is to develop an underwater robot that also is able to 
react to the flow both passively and actively. 

The active reactions and artificial lateral line flow-measurements have been 
studied rather extensively by different authors. There have been several studies 
where the artificial lateral line sensors have been used. It has been proven that 
artificial lateral lines can be used to detect passing objects, identify the position 
of dipole sources and so on. However, up to our knowledge, all the previous 
studies have been done using constrained platforms. Their applicability on real-
world scenarios has not been extensively studied. We look the problem from 
more application-oriented point of view. We use an actively swimming robotic-
fish and study, how the artificial lateral line can be used to control it in different 
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flow conditions. We develop principles for measuring the flow speed and 
direction, holding station in steady flow, detecting the presence and the position 
of an upstream object and holding station in the wake of that object to save 
energy. 

Also the compliant fish-like bodies have been studied before. There are 
different analytical models available to estimate the behavior of the viscoelastic 
bodies. However, we analyze some empirical approaches to design better fins. 
We mimic the body properties of an actual fish to increase the performance of a 
robot. We develop two new methods to estimate the properties of a real fish. In 
addition we demonstrate some experiment methodologies to improve the 
analytical modelling of viscoelastic compliant bodies. 
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KOKKUVÕTE 

Kõikidel kaladel on küljejoon – organ, mis võimaldab neil tunda vee liikumist 
enda keha pinnal. Küljejoonelt saadud informatsiooni kasutavad kalad 
ümbritseva veekeskkonna tajumiseks, näiteks teiste veeloomade liikumise ja 
asukoha tuvastamiseks, vee voolukiiruse ja suuna määramiseks, voolavas vees 
leiduvate objektide asukoha hindamiseks jne. Selline ümbruskonna tajumise viis 
oleks äärmiselt kasulik ka allveerobotitele. Paraku aga ei kasuta tänapäevased 
allveerobotid küljejoonele sarnaseid andureid. Käesolevas töös väidame, et 
bioloogilise küljejoone tehnoloogilist analoogi, niinimetatud kunstlikku 
küljejoont, on võimalik edukalt kasutada ka allveerobotile kasuliku 
informatsiooni hankimiseks. Veelgi enam, saadud info põhjal on võimalik 
allveerobotit reaalajas voolu suhtes juhtida. 

Lisaks kala küljejoone kopeerimisele on allveerobotite konstrueerimisel 
mõistlik eeskuju võtta ka kalade liikumismehhanismist. Kalalaadsel liikumisel 
on võrreldes klassikalises inseneerias kasutusel olevate sõukruvidega terve hulk 
eeliseid. Kalad suudavad oma uimede abil liikuda oluliselt efektiivsemalt, 
manööverdada paremini, saavutada väga suuri kiirusi ja kiirendusi. Seetõttu 
panustame käesolevas töös ka kalalaadsel liikumisel põhinevate allveerobotite 
väljatöötamisse. Väidame, et voolavas vees opereerivatel allveerobotitel on 
mõistlik kasutada ühe mootoriga liigutatavaid pehmeid uimi, mille 
materjaliomaduste valimisel võetakse eeskujuks bioloogilise kala keha 
materjaliomadused. 

Oma väidete kinnitamiseks konstrueerime kunstliku küljejoonega varustatud 
voolutundliku robotkala. Küljejoon kujutab endast väga lihtsat, viiest roboti 
pähe paigaldatud rõhuandurist koosnevat seadet. Hoides küljejoone lihtsana, 
näitame, et roboti voolu järgi juhtimiseks ei ole vaja kasutada keerukaid, 
paljudest anduritest koosnevaid sensorsüsteeme. Võttes eeskuju kalade 
voolutunnetusel põhinevatest käitumismaneeridest, töötame roboti jaoks välja 
erinevaid juhtimisprintsiipe ning katsetame nende toimivust erinevates voolava 
vee tingimustes. Näitame, et kunstliku küljejoonega varustatud robot on 
võimeline hindama vee kiirust ja suunda ning tuvastama ülesvoolu jääva objekti 
olemasolu. Objekti olemasolul on ta suuteline määrama selle asukohta ning 
liikuma objekti varju, et säästa energiat.  Kunstlikke küljejooni on loomulikult 
uuritud ka varem, kuid meie lähenemine erineb eelnevatest selle poolest, et 
kasutame esmakordselt küljejoont reaalse roboti juhtimiseks. Senistes töödes on 
erinevaid kunstliku küljejoone tehnoloogiaid katsetatud äärmiselt staatilistes 
tingimustes, kinnitades neid näiteks fikseeritud platvormide külge. Nii aga jääb 
piisava tähelepanuta tehnoloogia reaalne rakendatavus päris elus tekkivate 
probleemide lahendamiseks. 

88 



 

Ka robotkala mehaanika välja töötamisel oleme arvesse võtnud rakendatavust. 
Selle asemel, et kasutada jäikasid, mitmete lülide, mootorite ja 
ülekandemehhanismidega keerukaid lahendusi, kasutame ühe mootori abil 
liigutatavaid pehmeid uimi. Keskendume nende uimede materjaliomadustele. 
Valides sobivad materjaliomadused, on võimalik uimi võnkuma panna selliselt 
et nende liikumine on sarnane ujuva kala kehas tekkivate lainetega. Töös oleme 
välja töötanud erinevaid uudseid lahendusi sobivate materjaliomaduste 
valimiseks. 
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������GHIJKH�LMK�NOMKMPMJOQRS�TUVVOII�WIOXHKROJY�ML�THQZIMVM[YS�\]ÛHH_OU�JHH�1̀ab111S�1/c1-S�TUVVOIIS�dRJMIOU��58����e�����* #�#, %����� f�(%��&�,,�&�&��g���) &g��&���#&��h��(��$ #$���&%��&�)#$�&���fh�&i �� (,�ig ����g��%��f���j�$��#)��g��"#fh� &�j�&& ����(fS��%� (,��&���%�$$ �$�#)��(�$,hS��$�(&)�$&��g���#��(�����#��g��&�$$#�(f (,�i���$��k(&j $�f�"h��g#&��) (f (,&�i��ghj#�g�& l���g���%�$�� (�&i �� (,�j����$(&�%�(�"���%g ���f�i �g#���%#jh (,��g��f &�$ "���f��%���� #(���%g�( &��#)�) &g�"���$��g�$��& (,���& (,����%����#$�����g���(��$ #$�j�$���#�%$������g���$����� (,�i������#���&���g��ghj#�g�& &���j �%g (,�)��m "���) (���f��#)�& � %#(��$�""�$��(f�& � %#(��)#���i�&�f�& ,(�f�"h�%#jh (,��g��&� ))(�&&�f &�$ "�� #(�j$#) ����(f�,�#���$h�#)���$� ("#i��$#�����g��n (���� %&�#)��g��) (�i�&�%#�j�$�f��#��g���#)���&���f �h�&i �� (,��$#����o (p&�j$#j��& ���i������(,�g��(f��� �b"������bj� ��f��i�$��f���$� (�f�ig ��� ��i�&��%�����f�"h���& (,���&�$�#��#�#$��q�&���&�&g#i�f��g����g��j$#j��& ���i������(,�g��(f��� �b"������j� ��f��#)���&���f �h�&i �� (,�̀0�%��$� ("#i��$#���i�&��%g ���f�i �g�#�$�" #� ��� %�) (�ig ���&� ������f��& (,�%�$�� (��%���� #(�j�$�����$&�.)$�r��(%h�/�s1�tl��(f���j� ��f��c�c�f�,$��&2���g��&��fh�%#(%��f�f��g���) &gb� n��&i �� (,�%�(�"���%g ���f�"h�� � %n (,��g��&� ))(�&&��(f�,�#���$h�#)���$� ("#i��$#����(f�f &$�,�$f (,��g��f��� �&�#)��g���%���� #(���%g�( &��F�@9������" #� ��� %&S�&� ))(�&&�j$#) ��S�) (S�$#"#� %&S�) &g��u#jh$ ,g��v�/011S�' � (�w( ��$& �h��x�"� &g�f�"h�+�&�� �$�y � ��f��(f��% �(%��x$�&&��a���$ ,g�&�$�&�$��f��f# z�10�101c{�1c|/bc̀/}.112c003|b3��~��;�����
e�	����#&��#)���$ (���(f��(f�$i���$���%g�( &�&S�&�%g��&�&g j&S�&�"��$ (�&S�#$��(f�$i���$�$#"#�&��&��&%$�i�j$#j����$&�)#$�j$#j��& #(��a��g#�,g��g�&��f�� %�&�i#$n�&�)) % �(��h�i����)#$��#&��j�$j#&�&S��g��&h&���&�f�b& ,(�f�"h�(���$��&� ���#��j�$)#$���g����o &g��$���"����#�&i ��i �g�g ,g����#% � �&�ig ����� (�� ( (,�&�j�$ #$��, � �h��(f��)) % �(%h���g�$�)#$���g�h�%�(�"����n�(��&� (&j $�� #(�ig�(�f�& ,( (,�(�i�n (f�#)�j$#j��& #(���%g�( &�&��*�&�f�#(��g���g�#$�� %���n(#i��f,��#)�) &g�&i �b� (,�1S/�S�����$ ��h�#)�&��f �&�#(�f�� %�&�� � %n (,�) &g��#�,�(�$����j$#j��& #(� (�� r� f��(� $#(��(�&�g����"��(�%#(f�%��f���#&��#)��g�&��f�� %�&��&��$ , f�� (n&��(f�f &%$������%g�( &�&��#��%g ����) &gb� n���#� #(S�fhb(�� %&��(f�"�g�� #�$�s4|����g��%#�j��m �h�#)��g�&��&h&���&� (%$��&�&���#(,�i �g��g�� (%$��& (,�& � ��$ �h�i �g�) &g�n (���� %&��(f��g�$�)#$�� (���$(�f�%$��&�&��g��&i �� (,��)) % �(%h�#)��g��f�� %���a(#�g�$�����$(�� ��� &��#��&��%#�j� �(��"#f �&�ig %gS�ig�(��%�����f�)$#����& (,���j# (�S�%�$$h����$��b��� (,�i������g &�i���� &�& � ��$��#��g��j$#j��& #(�i����

 (��g��"#fh�#)�) &gS�ig %g� (&���f�#)���f �(�#$�j�%�#$���) (&��&���g� $�"#fh��(f��g��%��f���) (�)#$�,�(�$�� (,�j$#j��& #(���g��#&% ���� (,�i�����$����&��g$#�,g��g��"#fh�i �g������#% �h�g ,g�$��g�(��g��&i �� (,�&j��f�#)��g��) &g�1���u#�j� �(��"#f �&�%�$$h (,���& � ��$��$����� (,�i�����& (,�& (,��bj# (���%���� #(�%�(�"���#f����f��&�fh(�� %���h�"�(f (,�"���&�-�S�ig %g�g����� "$�� #(���%g�$�%��$ &� %&�f���$� (�f�"h��g���m��$(����(f� (��$(���)#$%�&�#)��g��&h&������g��� "$�� #(���%g�$�%��$ &� %&� (���$(��$��$�����f��#�,�#���$hS�����$ ���j$#j�$� �&��(f��%���� #(���g��,�#���$h��(f�����$ ���j$#j�$� �&��#,��g�$�f�) (���g��&� ))(�&&�#)��g��"#fh�ig %g�g�&���g ,g� �j�%��#(��g��&i �� (,�#)�"#�g�" #�#, %���) &g�&�}411���(f�%#�j� �(��) &gb� n��"#f �&�1/S1s����g�$�)#$���g��&� ))(�&&�#)�%#�j� �(���(f�$i���$�) (�j$#j��&#$&�g�&�"��(�&��f �f��g#$#�,g�h��#� (%$��&���g���)) % �(%h��(f�%#(�$#��#)�) &gb� n��f�� %�&��(f�)��jj (,�)# �&����%t�($h�HJ�UV��&g#i�f��g���"#fh�&� ))(�&&�%#(�$#�&�&i �� (,�n (���� %&��(f��g�$�)#$���g��&j��f��(f�j�$b)#$��(%��#)����&� %��#f��&�#)�j��jn (&��f�&�() &g�f�$ (,�&���fhS��(f����#$h�&i �� (,�1s���(f�x$��j$�b(��$�%g�HJ�UV��j$#��f��g��&����)#$��(�#&% ���� (,��aua0013�)# ��"h�f��#(&�$�� (,��g����g���)) % �(%h�#)�

























APPENDIX D 

H. El Daou, T. Salumae, G. Toming, and M. Kruusmaa, “A bio-inspired 
compliant robotic fish: Design and experiments,” in Proc. IEEE Int. Conf. on 
Robotics and Automation (ICRA), 2012, pp. 5340–5345. 

123 



 



����������	
���
�������������������
����������
	�

�������� !�"#$%��&�'� #()�*$+*,-%"(�./�.�0��,1�2,##3(��456789:7;<������
	��=��
���

��
�����>�
�������?��	��������?����������	
�@�����A
	�����	��
��
��B���
���������BC<�
A
B����
�
��������
=�
�?������

���	�����=��
��
��
���������B������
�
	��
��	=��C<�
	���������
��

�
�

�	�����	��
	��
��?��=���	����?�	
�D�


	D�����
��

�
����C<�
�
���������
���	�����
�����@����A
����
��
	D������
���������BC<�
E
����
��	���
��
��
��������=��?�	
������
F
	�
�
���=��
��B�����
��	��
�
�

��C<�
�B��
����?��
��
���������B�	
��=��
�����	
�����������
�D

���
�����
�
�

�������
	
�=�����
��������
	�F
�C��	����B�
�����
��


�����
�	����
����	�������=���C���
	�

�������
�	����B�
�	
���
����
���?B��

��
���	�

�
	������F������
��
��
�	
�����
��
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