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Abstract 

Continuously growing interest in discovering, developing and exploiting offshore 

resources requires efficient, reliable and cost-effective robotic operations underwater. 

To ensure human safety and enable automated robotic intervention of offshore assets, 

including Inspection, Maintenance and Repair (IMR), future robotic systems will be 

required to be more efficient, manoeuvrable and resilient. Bio-inspired underwater 

vehicles are designed to mimic the excellent swimming abilities of natural swimmers. 

To enhance the understanding and implementation of bio-inspired locomotion and to 

address gaps in the knowledge of bio-inspired locomotion hydrodynamics, control and 

robotic design, this thesis investigates several key aspects relating to the propulsion, 

manoeuvrability and power of Body Caudal Fin (BCF) locomotion by means of 

numerical simulations, prototype design and hydrodynamic lab testing. This thesis is 

organised in two parts: numerical studies and experimental investigations.  

Numerical simulations are established through coupling a numerical fluid solver, a 

body dynamics model and feedback control. A single-body and a multi-body fish 

model, which are implemented within User Define Functions (UDF) and coupled to 

Ansys Fluent, are presented in detail and reference is given to a Fluid Structure 

Interaction (FSI) solver used to simulate elastic structures. Linear feedback control is 

represented by means of a Proportional, Integral and Derivative (PID) control 

algorithm. Adding linear feedback control to CFD simulations makes it possible to 

simulate unsteady swimming manoeuvres at a set point and make a comparison across 

parameter spaces under quasi-steady state conditions. 

Three control strategies are derived by defining feedback control error logics that are 

applied in three numerical studies. The first investigation focusses on optimal 

curvature distribution of a manoeuvring BCF swimmer. Results show energetic benefit 

for swimmers turning with greater body curvature towards the tail. The second 

numerical simulation considers the thrust performance of a fixed and pitching elastic 

plate of different material stiffnesses and pitching frequencies over a parameter space. 

The results provide insights into the instantaneous hydrodynamics and thrust 

performance of flexible appendages, such as a BCF and the differences in performance 

for various material properties and actuation parameters. The third numerical 
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investigation studies the energetic performance of an actuated elastic plate swimming 

in front of a cylinder while holding its position. The results identify any interaction 

between a freely moving plate and a cylinder as well as the energetic benefit of smaller 

distances towards the low-pressure zone at the leading edge of the cylinder.  

The experimental part of the thesis introduces a new modular robotic design that 

incorporates a novel approach to achieve static watertight torque couplings and 

mechanical modularity. The key innovation lies in the application of a synchronous 

magnetic coupling, which replaces traditional methods, such as dynamic seals and 

flexible covers used in existing modular robotic designs. This magnetic coupling 

provides a sole magnetic connection between neighbouring body elements, 

eliminating the need for mechanical connections between modules and addressing 

potential weaknesses associated with fixed connections.  

The rotational degree of freedom afforded by the magnetic coupling enables the robot 

to form a traveling body wave within a continuum space, facilitating thrust generation 

and manoeuvring. All mechanical parts, including the enclosure, shaft and gears, have 

been custom CAD designed and created through additive manufacturing techniques 

including Fuse Deposition Modelling (FDM) and Stereolithography (SLA). The 

untethered robot can move freely in a plane just below the water surface and is 

controlled through Bluetooth Low Energy (BLE) communications between each 

module and a central pc. 

Extensive hydrodynamic testing has been conducted at Strathclyde University’s 

Kelvin Hydrodynamics Laboratory to confirm the basic swimming abilities of the 

robot prototype and assess its performance. Two separate investigations of thrust 

generation and free-swimming performance are conducted. Thrust measurements are 

taken applying different undulation frequencies and amplitudes with a constant 

amplitude envelope at a custom-made testing stand. Motion capturing is utilised to 

record the motion of the robot in three and six degrees of freedom during free-

swimming tests.  Free-swimming measurements are taken with a constant amplitude 

envelope of the manoeuvring robot and straight forward swimming velocity with 

different undulation frequencies and amplitudes. Finally, experimental measurements 

are compared with the results of a CFD multi-body simulation.  
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Hydrodynamic and performance coefficients 

The Reynolds number 𝑅𝑒 is a non-dimensional coefficient used to predict the flow 

regime. The Reynolds number is given by 

𝑅𝑒 =
𝐿𝑈

𝜈
. (1.1) 

The Strouhal number 𝑆𝑡  is a non-dimensional coefficient used in the analysis of 

unsteady and oscillatory flow. The Strouhal number is given by 

𝑆𝑡 =
𝑓𝐴(𝐿)

𝑈
. (1.2) 

The Cost of Manoeuvring 𝐶𝑜𝑀 is a newly introduced dimensional coefficient. It is 

related to the popular Cost of Travel coefficient and provides information on the 

energy expenditure per unit rotation and is given by 

𝐶𝑜𝑀 =
�̅�

𝛳
=

𝑃𝑖𝑛
̅̅ ̅̅

𝜔𝑔𝑙𝑜𝑏𝑎𝑙
=

𝑃𝑖𝑛
̅̅ ̅̅

𝑈𝑠

𝑟

. 
(1.3) 

The thrust coefficient 𝑐𝑇 is used to assess the ability of a system to generate thrust and 

is given by 

𝑐𝑇 = −
𝐹𝑥

1
2 𝜌𝑓 𝑈2 𝐿

. 
(1.4) 

The power expenditure coefficient assesses the efficiency of a system and its ability to 

convert input power into thrust. The coefficient is given by 
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𝑐𝑝 =
𝑀0�̇�

1
2 𝜌𝑓𝑈3𝐿

. 
(1.5) 

The overall energy expenditure coefficient 𝑐𝑃𝑠  assesses a swimmer’s power 

performance of swimming a defined length 𝐿  in time 𝑇𝑠 . The overall energy 

expenditure coefficient is defined by 

𝑐𝑃𝑠 = −
∫ 𝑃𝑖𝑛𝑑𝑡 

𝑇𝑠

0

1
2 𝜌𝑓𝑈2𝐿

. (1.6) 

The mean energy expenditure assesses the power performance of a swimmer 

dynamically holding position around a target position over a period 𝑇ℎ. 

𝑐𝑃ℎ = −
∫ 𝑃𝑖𝑛𝑑𝑡 

𝑡+𝑇ℎ

𝑡

𝑇ℎ
1
2 𝜌𝑓𝑈3𝐿

. (1.7) 
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Chapter 1 Introduction 

1.1 Fish swimming  

Fish are thought to continuously adapt to their environment through a process of 

evolution to develop optimal combinations of physique and behaviour more suited to 

their local conditions. Depending on their usage of median paired fins or body 

undulation as the main thrust generating mechanism, fish are generally categorized as 

Median Paired Fin (MPF) type and Body Caudal Fin (BCF) type (Breder, 1926). The 

two categories differ significantly in terms of which part of the body generates thrust, 

maintains stability and enables manoeuvrability. These kinematic mechanisms are also 

reflected in fish physiology, allowing for efficient swimming within their respective 

environments. BCF represents the largest group with approximately 85% of the fish 

observed being in this category (Wang et al., 2020). 

 

Figure 1.1 Overview of Body Caudal Fin and Median Paired Fin fish locomotion categories 

(Li et al., 2022). 

As presented in Figure 1.1Error! Reference source not found., BCF fish are further 

categorised into anguilliform, subcarangiform, carangiform, thunniform and 

ostraciiform, depending on the proportion of the central spine used in undulation or 

oscillation motion. These categories have been generally accepted (Sfakiotakis et al., 
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1999;Blake, 2004); however, the latest research by Di Santo et al. (2021) suggests less 

significant differences between the categories and a higher convergence of body 

motion across different species. In particular, the assumption of reduced head 

amplitude of thunniform swimmers compared to anguilliform swimmers has not been 

confirmed. 

Figure 1.2 (a) presents an example of a BCF swimmer, the Skipjack Tuna fish. The 

streamlined body uses the caudal fin as the main propulsor. Evolved to perform fast 

rectilinear swimming it can achieve swimming speeds of up to 2.1 body lengths per 

second at a maximum body length (fork length) of circa 108 cm and a maximum 

weight of circa 34.5 kg (Gooding et al., 1981). The median fins (pelvic, pectoral, anal 

and dorsal) contribute to both manoeuvring and stability, and were found to be actuated 

by a hydraulic mechanism that may provide advantages during predation through fast 

and precise actuation (Pavlov et al., 2017) 

 

(a)       (b) 

Figure 1.2 Annotated image of (a) Body Caudal Fin category Skipjack Tuna (Britannica, 

2023) and (b) Median Paired Fin category Mata Ray (Britannica, 2023 ). 

To highlight the significant difference in physique, Figure 1.2 (b) presents an example 

of an MPF swimmer, the Manta Ray. Immediately obvious are the significantly larger 

median fins used as the main source of propulsion and manoeuvring. Synchronised 

spanwise wave motion and simultaneous flapping motion (Dewey and Smits, 2023) 

allow the Batoid category fish to swim large distances efficiently and at speeds of up 

to 24km/h (Chew et al., 2015). The propulsor allows the Manta Ray to perform looping 

and backward somersaults, which have been observed during feeding and mating (Fish 

et al., 2018). The largest recorded wingspan is 8.8 meters at a weight up to 2.4 tonnes. 

Both fish in Figure 1.2 are examples of specialised fish within the categories of BCF 
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and MPF, however, some fish are observed to switch between MPF and BCF 

locomotion behaviours (Gerstner, 1999). Species of fish that switch locomotion 

behaviours, known as decoupled locomotors, usually live in complex environments 

where agile acceleration change and obstacle avoidance are necessary. Elsewhere, 

coupled locomotors are observed to inhabit relatively simple environments (Blake and 

Chan, 2006). The clown fish represents an example of a decoupled locomotor that is 

known to live around coral reefs (Jones et al., 2005). 

 

Figure 1.3 Clown fish, an example for a decoupled locomotor,  

swimming close to coral reef. (Britannica, 2024) 

Shown in Figure 1.3, clown fish possess the ability to utilise their pectoral fin and 

central line body to generate thrust. MPF swimming is generally considered to be 

superior in manoeuvring tasks including the ability to swim backwards, supported by 

its ability to carefully vector thrust using its median fins. BCF swimmers typically 

have a streamlined body shape coupled with a powerful caudal fin propulsor to enable 

higher speeds. A study analysing the coupled locomotor species, Schlegel’s parrotfish 

and Picasso trigger fish, found that these fish switch to BCF swimming for higher 

speeds and burst (Korsmeyer et al., 2002).  

Fish apply various active and passive means to reduce drag, the force opposing the 

swimming direction, to increase swimming efficiency. For example, the discontinuous 

surface of scales creates small turbulences close to the fish surface leading to a delay 

of flow separation and thinning of the wake structure, fork shaped caudal fins create 

higher thrust without increasing drag, muscle adjusted stiffness of fins enables higher 
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tailbeat frequencies and elasticity provides springiness for potential energy to be 

periodically recaptured (Liao, 2022).  

Figure 1.4 shows a schematic of the unsteady fluid acceleration of BCF swimming. 

Passing fluid is accelerated due to the pressure difference around the undulating 

swimmer. At the trailing edge the vortices are shed periodically in alternating 

directions, represented in the figure by different coloured arrows, leading to a cycle-

averaged mean forward jet (Koochesfahani, 1989) that leaves a resulting reversed 

Karman vortex street in the wake. The vortex shedding frequency characterised by the 

nondimensional Strouhal number 𝑆𝑡 has been found to be typically in the range of 

0.2 < 𝑆𝑡 < 0.4 (Yen and Azwadi, 2015). 

 

Figure 1.4 Schematic of unsteady acceleration of fluid during BCF thrust generation. 

Arrows indicate fluid acceleration and periodically shed vortices of alternating swirl 

direction. 

Calculating the efficiency of self-propelled undulating swimmers remains challenging, 

as discussed later in this section. For general estimation, experiments of heaving foils 

have shown propulsion efficiencies of up to 87% at Strouhal Number St =30 (Read et 

al., 2003). In contrast, the thrust efficiency of small propellers remains below 40%, 

partly because of the energy lost in accelerating the fluid rotationally (Triantafyllou 

and Triantafyllou, 1995). Fish may also swim together with other fish, known as fish 

schools. Swimming within a collective enables fish to form a higher order swarm 

intelligence. Next to benefits such as predatory defence, fish may also achieve 

hydrodynamic benefit from swimming within the wake of other fish. A fish may 

achieve hydrodynamic benefit by varying its relative distance and position, amplitude 

envelope, undulation frequency and phase to adjust to the incoming vortex stream. 

Numerous research efforts continue to investigate related fluid phenomena, such as the 

numerical studies by Martens et al. (2017) and Gao and Triantafyllou (2018) and the 

experimental study by Li et al. (2021). 
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Figure 1.5 Schematic of multiple fish swimming within a school. (Weihs, 1973) 

1.2 Experimental and computational investigations of fish 

swimming 

To improve understanding of fish swimming and related fluid mechanisms, early 

experimental investigations were conducted including a study by Gray (1933). Figure 

1.6 shows the experimental setup and the recorded image by Liao (2003) of a fish 

swimming within alternating flow conditions exhibiting the Karman gait, a distinct 

and low power swimming pattern to hold station. 

   

 (a)      (b) 

Figure 1.6 (a) Experimental setup to study fish motion in alternating flow (Liao et al., 2003) 

(b) recorded image of fish performing Karman gait (Shell, 2012). 

Modern experimental techniques, such as Particle Image Visualisation, allow the 

visualisation and measurement of flow structures, however, experiments remain 

challenging due to the need to control live fish in addition to sensing, repeatability and 

uncertainty requirements. Established by Lighthill, the Slender Body Theory (1960) 

(1971) enabled the first mathematical analysis of the hydrodynamic performance of an 

undulating body. In the same time span, work by Wu (1971a) (1971b) (1971c) 
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analysed the hydrodynamic performance of wavy plates with focus on kinematics and 

geometry. 

Bio-inspired robotic systems may also be used as a validation or experimental platform 

(Ijspeert, 2014;Rezapour et al., 2014;Kelasidi et al., 2015;Tian et al., 2020). For 

example, using bio-inspired robots in lab experiments also makes it possible to 

measure the motor power and other parameters to assess the thrust efficiency. 

 
(a)       (b) 

Figure 1.7 (a) Snapshot of 3D flow structure from CFD simulation of undulating fish 

(Maertens et al., 2017) (b) Robotic fish experiments conducted by Tian et al (2020). 

With the development of Computational Fluid Dynamics (CFD) and the availability 

of computational power, numerical analysis opened up new possibilities to study 

undulating bodies. It is now an established tool, next to experimental and theoretical 

analyses, to study fluid dynamic problems. Detailed and time discrete simulations 

make it possible to simulate over a large parameter space at different scales, under 

defined conditions and at reduced cost compared to experimental studies. The 

application of numerical analysis to the study of fish allows the temporal and spatial 

analysis of flow structures and flow properties. CFD has prompted a wide range of 

research work focusing on analysing and optimising fish-like body shapes and 

swimming motion (Kern and Koumoutsakos, 2006) (Tokić and Yue, 2012), (Maertens 

et al., 2017).  
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1.3 Bio-inspired underwater robotics 

Bio-inspired underwater vehicles feature biologically inspired mechanisms, materials 

and other means to replicate the excellent swimming abilities of underwater creatures. 

Importantly, bio-inspired designs selectively incorporate elements inspired by nature 

and are therefore distinctly different to biomimetic devices that aim to fully replicate 

nature. A wide range of ingenious bio-inspired designs are presented in literature to 

improve upon conventional thruster propelled underwater robots, which generally 

have a rigid torpedo shaped or open frame structure. 

In the following, only a brief introduction is offered to what is a wide and active field 

of research. Recent and comprehensive reviews are available, for example by Low 

(2011), Scaradozzi et al. (2017), Salazar et al. (2018), Wang et al. (2020) and Li et al. 

(2022). The terminology varies within literature when denoting a design as a vehicle, 

drone or robot and may be used interchangeably in the following. A key area of 

inspiration is the integration of natural swimming mechanics such as MPF and BCF 

mechanisms to replace conventional propeller-based systems. 

MIT’s Robotuna (Tolkoff, 1999) shown in Figure 1.8 is one of the first bio-inspired 

underwater robots. The tethered system enabled early experimental investigations of 

robotic fish swimming mechanics, fluid structure interaction and energetics. The 

robotic structure, covered with Lycra, consists of an aluminium frame actuated via 

pulleys and wires that convey motor power to rotational links.  

  

(a)     (b) 

Figure 1.8 Photo of Robotuna (©MIT Robotuna Project, 1994) (a) with and without a 

flexible cover and (b) inside a towing tank. (Triantafyllou and Triantafyllou, 1995). 



8 

 

In the following years, a large number of designs were developed inspired by different 

species to showcase innovative mechanisms, materials and more. Next to the 

Robotuna, notable examples include a design led by Huosheng Hu et al. (2006) and 

the soft robotic fish SoFi published by Katzschmann et al. (2018), both shown in 

Figure 1.9. Strikingly, both designs show a fish like appearance, mimicking not only 

central line displacement but also showing a streamline shape and passive elastic fins. 

 

(a)      (b)  

Figure 1.9 Robotic fish designs created by (a) Huosheng Hu et al. (2006) (b) and 

Katzschmann et al. (Ackerman, 2018) 

Notable designs within the category of MPF include the MantaDroid (Arastehfar et al., 

2019), which achieves effective propulsion utilising passive deformation of a pectoral 

fin sheet, the BOSS manta ray (Glushko et al., 2018) with a highly detailed pectoral 

fin actuation mechanism, and the commercially developed Velox (Piliantenergy, 

2023), which can be considered an amphibious design as it is able to utilise fin 

undulation to move on land and in water. All MPF examples share the common design 

feature of a rigid central compartment storing electronics and actuation elements to 

enable motion of the pectoral fins. BCF designs show a more diverse design approach 

including bulk bodies containing all necessary equipment with dedicated flexible 

appendages or a modular design of distributed electronic and mechanical equipment 

along the length of the body. 
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(a)      (b) 

Figure 1.10 (a) MantaDroid (Natashah Hitti, 2023) (b) (Evologics GmbH, 2023). 

A modular design provides the ability to flexibly configure and re-configure the 

number and type of modules and, therefore, adapt and shorten or lengthen the robot 

structure in response to different task requirements. It also increases reliability through 

redundancy of function across similar modules and shows high potential for cost 

reduction through repeatedly applying a common modular structure with common 

interfaces. 

  

(a)      (b) 

  

(c)      (d) 

Figure 1.11 (a) Amphibot I (Crespi et al., 2005)  (b) Envirobot (Bayat et al., 2016) (c) 

Mamba (Liljebäck et al., 2014)  (d) Mamba with a waterproof flexible cover. (Qualisys) 

The capabilities of such robot designs can also be efficiently extended and enhanced 

through the addition of new modular segments using these common interfaces without 
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having to replace the entire robot. Several modular robots have their origins in snake 

and amphibious designs, such as the snake robot Amphibot I (Crespi et al., 2005) that 

was later developed into the underwater robot Envirobot. Another example is the snake 

robot Mamba (Liljebäck et al., 2014), which is fitted with a watertight cover to swim 

underwater (Kelasidi et al., 2018), all shown in Figure 1.11. 

Control of a multi-linked robot to mimic efficient biological inspired locomotion 

requires synchronised low-level control. The topic extends beyond fish undulating as 

other vertebrae also apply rhythmic locomotion coordinated via the central spinal cord. 

Various approaches have been developed to replicate vertebrae locomotion, including 

the Finite-State Machines (Lee and Yannakakis, 1996), the Sine-Generators (Gómez, 

2008) and the Central Pattern Generators (CPG) (Ijspeert, 2008). All have the purpose 

of centrally manipulating multiple actuators to create rhythmic motion without the 

need for sensory feedback (Ijspeert, 2014). As an example, in a fish the central control 

coordinates the motion of individual muscles to shape a travelling wave. The control 

signals of each muscle, in robotics typically operated through a motor, are the pitching 

amplitude, frequency and phase. By varying these activities, it is possible to represent 

the different swimming gaits of the fish categories depicted in Figure 1.1. 

1.4 Industry application of bio-inspired underwater robotics 

Offshore operations such as the extraction of hydrocarbons, renewable energy 

harvesting and related decommissioning of underwater plant infrastructure as well as 

ocean exploration, science and defence research drive interest in reliable, clean, low 

cost and safe robotic systems. Future systems will be required to autonomously 

conduct inspection, maintenance and repair tasks to avoid the need to deploy large 

ships and their crew and to overcome labour shortages. Envisaged capable robotic 

systems promise to reduce costs through reliable and repeatable task execution while 

being deployed continuously with the ability to recharge and exchange information at 

a local dock. As a result, human presence can be reduced, mitigating the dangers to 

human life of operating in harsh sea environments. Underwater resident systems 

reduce human intervention, which greatly reduces costs and risks to human safety. It 

further supports continuous monitoring of offshore assets supporting reliable and 
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continuous operation through early fault detection and shorter repair times. Robots 

may operate in sea conditions considered unsafe for human intervention (Song et al., 

2020). 

To enable future autonomous AUVs, current research focusses on the development of 

underwater sensing and control as well as trustworthiness and ethical behaviour of 

autonomous systems. Current systems are either technically unsuitable or struggle to 

operate in high sea conditions due to the need to deploy human operators to ensure 

system recovery. In addition, there are challenges with regard to underwater sensing, 

communications and control as well as increased structural integrity, thrust and 

manoeuvring challenges. 

Numerous industry and academic led efforts have been conducted to achieve reliable 

underwater docking solutions. A dock is a physical station to which a free-swimming 

robotic system connects. Most systems include physical guidance, such as a cone, to 

support final positioning of the robot. Data and energy may be transferred via inductive 

interfaces. Such pin-less interfaces greatly reduce the required position and orientation 

accuracy compared to pin connectors. The dock may be approached horizontally or 

vertically. General challenges to docking include robust autonomous control, accurate 

sensing and localisation as well as safe and efficient manoeuvring in unsteady fluid 

flow conditions. Current designs lack either manoeuvrability (torpedo shaped AUVs) 

or efficiency (open frame ROVs and AUVs). By taking inspiration from fish body 

flexibility, bio-inspired robotic systems will be able to access shape restricted spaces 

and show improved ability to adapt to complex environments.  

For successful application and acceptance by industry, designs are required to be 

sufficiently robust and need to avoid complexity and fragility. Further crucial factors 

for successful industry acceptance are availability, repair and replacement time. Bio-

inspired features may be applied selectively to robot designs with industrial 

applications in mind. Hybrid systems may offer enhanced performance in underwater 

industrial operations. Precisely this is demonstrated by the commercially available 

Eelume robot (Liljebäck and Mills, 2017) that combines body flexibility with the 

certainty of thruster systems. 
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(a)      (b) 

Figure 1.12 (a) Open frame ROV/AUV by Oceaneering, (b) bio-inspired multi-actuated 

hybrid ROV/AUV Eelume (Eelume AS, 2023). 

1.5 Study objectives 

Over the past decades engineers and scientists have studied the excellent swimming 

abilities of aquatic animals to understand their underlying mechanisms and apply this 

knowledge to the design of bio-inspired underwater vehicles. Robot designs inspired 

by nature promise to exceed conventional thruster propelled vehicles in efficiency, 

manoeuvrability as well as adaptability and resilience. The desire to build more 

advanced underwater robots is accelerated by the need for resilient, adaptable and 

efficient underwater robotic solutions to fully establish autonomous systems. Although 

various ingenious designs have been created, currently no bio-inspired underwater 

robot comprehensively achieves the swimming abilities of their natural inspiration. 

Shortcomings may originate from a lack of understanding and challenges in the 

implementation during the design, construction and operation.  

Besides common challenges all underwater robots face, such as underwater sensing 

and intelligent autonomous decision making, improving the propulsion and 

manoeuvring ability of bio-inspired underwater robots is a key enabler to achieve 

autonomous operation with minimal or no human intervention. As highlighted during 

the introduction, bio-inspired designs mimic fish and other natural swimmers to 

achieve superior manoeuvrability, efficiency and the ability to operate and adapt to 

complex environments. Therefore, this work sets out to enable a better understanding 

of bio-inspired robotic hydrodynamics and control for improved implementation and 

operation. 
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This work aims to contribute to increasing knowledge of the fundamental mechanisms 

of fish swimming as well as practical knowledge with regard to the design, 

construction and control of bio-inspired underwater robots.  

The presented research work is guided by the following research questions: 

• How do fish swim efficiently and what are the characteristics and operation 

parameters of an efficient bio-inspired underwater vehicle? 

To answer this questions the following specific research questions are approached in 

this thesis 

• What is the optimal body curvature of a manoeuvring Body Caudal Fin 

swimmer to achieve low power, low radius turns? 

• How does the caudal fin material affect propulsion efficiency? 

• Can a swimmer draw energetic benefit from swimming near a bulk body during 

dynamic position holding? 

Further, this work presents the design, construction and lab testing of a novel, modular 

bio-inspired autonomous underwater prototype.  

In the following, a literature review will assess current state-of-the-art in modelling 

bio-inspired underwater vehicles, performing fluid and control-coupled simulations, 

fish manoeuvrability, fish energetics, as well as bio-inspired designs and specifically 

modular bio-inspired designs. 

1.6 Outline of thesis 

This thesis is organised in 7 Chapters plus a reference list and an appendix.  

Chapter 1 provides a general introduction to relevant topic areas of this thesis, 

including fish swimming, experimental and computational investigations of fish 

swimming, bio-inspired robotics and industry applications of bio-inspired underwater 

robots. 
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Chapter 2 presents a critical literature review on modelling of bio-inspired robotics, 

control-coupled fluid simulations, fish manoeuvrability, a bio-inspired underwater 

robot design, modular bio-inspired robotics research and energetics as well as 

measurements of fish locomotion. In the following, concluding remarks are made and 

this outline of the thesis is given.  

Chapter 3 introduces the numerical models and control algorithms applied in this 

study. After a brief introduction to relevant CFD theory, a single-body and a multi-

body algorithm are described and a reference is given to a CFD-FSI model. Three 

linear feedback control strategies are developed for the analysis of unsteady fish 

manoeuvring.  

Chapter 4 applies the developed control strategies in three feedback control-coupled 

numerical investigations. The studies focus on the optimal curvature envelope for BCF 

manoeuvring, an investigation into the thrust generation of a flexible plate of different 

material stiffness and frequencies as well as the hydrodynamic performance of a 

flexible plate within incoming flow and in front of a cylinder. 

The second part of this thesis focusses on the design, construction and lab testing of a 

novel and modular bio-inspired underwater swimmer. 

Chapter 5 describes the design and construction of a new modular bio-inspired robot 

prototype. The design includes the novel application of a synchronous magnetic 

coupling. This chapter includes a description of the complete design process including 

mechanical and electrical design, prototyping as well as analytical and numerical 

results of the magnet coupling strength. 

Chapter 6 presents hydrodynamic lab test results of the created robot prototype that 

were conducted at the Hydrodynamics Laboratory at Strathclyde University. Tests are 

presented for thrust measurement, using a custom-made testing stand, and free-

swimming tests, measuring the trajectory of the robot through motion capturing. 

Chapter 7 concludes the thesis by summarising the presented work, the achieved 

novelty and contributions to knowledge and provides an outlook into continuing 

research questions. 
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Finally, after a reference list, the appendix includes the User Defined Function of the 

presented single-body model of Chapter 3 to highlight the implementation and 

function of the applied Ansys Fluent UDF coupling methodology. 

Chapter 2 Literature review 

2.1 Manoeuvrability of BCF fish locomotion 

Most previous studies have focused on steady fish locomotion, but fish spend the 

majority of their time performing unsteady locomotion (Drucker and Lauder, 2001). 

An early study of unsteady locomotion is the experimental investigation by Gray 

(1933), who recorded fish utilising body curvature to generate a turning momentum. 

 

Figure 2.1 Turning Whiting fish recorded by Gray (1933). 

Gerstner (1999) measured the trajectory of fish during feeding and agnostic interaction 

of coral fish who are known to be decoupled locomotors and utilise both MPF and 

BCF techniques. Analytical studies have been conducted by Weihs (1972) on the 

hydrodynamics of fish turning manoeuvres and Tan et al. (2010) on robotic fish 

turning. More recently, new numerical techniques enabled free-swimming CFD 

simulation of fish manoeuvring, such as the work by Hess et al. (2020) on manoeuvring 

of an elastic plate and Tian (2020) on robotic fish turning and CFD simulation 

comparisons. 

The term manoeuvrability is used to describe a range of unsteady locomotion, such as 

C and S starts and turning manoeuvres (Drucker and Lauder, 2001). For example, the 

agile manoeuvrability of a fish is displayed during C-starts when the fish accelerates 

from a stationary state by means of a single large sweep of its tail fin to create two 
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distinct vortices that define the momentum and impulse at which the fish turns and 

accelerates (Epps and Techet, 2007).  

Streamlined BCF fish moving at an initial velocity can perform unpowered turns, in 

other words, turning without increasing its momentum due to their high fitness, 

characterised by the body length to thickness ratio, while unstreamlined MPF fish have 

to continuously generate thrust during turning manoeuvres due to their low fitness 

(Blake, 1977). Unpowered turns may lead to smaller turning radii (Fish, 2002); large 

animals with large inertia may prefer unpowered turns (Blake and Chan, 2006). A 

simple relationship between turning radius R and body mass m, 𝑅 ∝ 𝑚0.37, as well as 

a linear relationship 𝑅 ∝ 𝐿 between R and the body length L, has been reported (Blake 

and Chan, 2006). 

Fish gain their high manoeuvrability from their inherently unstable motion. The quasi-

steady state of straight swimming of a BCF swimmer relies on force symmetry over a 

full actuation cycle. Small perturbations of fluid flow or body motion lead to loss of 

force equilibrium and a change in heading direction (Webb and Weihs, 2015). During 

turning manoeuvres fish may also use fins as control surfaces to generate turning 

moment (Drucker and Lauder, 2001) or to balance forces (Weihs, 1972). 

Robotic fish may perform turns with variable curvatures across multiple links (Yu et 

al., 2008). Compared with conventional rigid torpedo or open frame shape Remote 

Operated Vehicles (ROVs) and AUVs, bio-inspired underwater robots and vehicle 

platforms may feature significantly enhanced efficiency and manoeuvring capacity. 

Indeed, tests of a free-swimming tuna robot demonstrated turning rates of up to 75 

degrees per second (Anderson and Chhabra, 2002), exceeding the turning rate of 25-

35 degrees per second of a modern enhanced rigid hull AUVs (Randeni et al., 2022). 

2.2 Energetics of fish locomotion 

Measuring and quantifying the energetics of fish locomotion is a key enabler to 

understand bio-inspired locomotion and replicate this natural ability in human made 

machines. Determining the efficiency of a fish remains challenging and highly 
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complex, especially under unsteady conditions. The following literature review aims 

to highlight current standard practices and remaining challenges. 

The Froude efficiency describes the useful output power in relation to the input energy 

and is often used to assess engineering systems. With respect to the simplified BCF 

fish swimming scenario, it describes the relationship between the energy required to 

realise body undulation and swimming work. Here, the swimming work is defined as 

the product of longitudinal force acting on the body and the swimming velocity. For a 

fish following a straight trajectory at a constant speed, in other words, moving at a 

quasi-steady state, the cycle-averaged longitudinal force is zero due to the balance 

between thrust and drag. The resulting Froude efficiency is zero and, therefore, not 

applicable. First mentioned as Self-Propelled Fitness (Barrett, 1996) and later 

proposed as an efficiency measure (Maertens et al., 2015), the quasi-propulsive 

efficiency is defined as 𝜂𝑄𝑃 = 𝑅𝑈𝑠 𝑃𝑖𝑛
̅̅ ̅̅⁄ , where the output power of a swimming fish 

is approximated by the product of the swimming speed 𝑈𝑠 and the resistance force 𝑅 

acting on a rigid body towed at the same speed. 𝑃𝑖𝑛
̅̅ ̅̅  is the cycle-averaged input power 

to realise the undulation motion. Alternatively, the Cost of Travel (CoT), the ratio of 

the energy spent per unit distance travelled is often used in life science as a quantitative 

measure of energetics in locomotion. 

The performance of turning fish is evaluated based on the minimum turning radius 

derived from the trajectory of the centre of mass (Drucker and Lauder, 2001). 

Importantly, for identical centre of mass trajectories the required turning space may 

differ depending on the body flexibility of the swimmer (Walker, 2000).  

The Linear Manoeuvrability Number (LMN), first mentioned to assess the 

manoeuvrability of a land-based hexapod (Jindrich and Full, 1999), has also been used 

to quantify fish manoeuvrability (Drucker and Lauder, 2001). The LMN is defined as 

the ratio of the time integral of the force impulse perpendicular to the forward 

momentum. 

Ideally, a quantitative measure of manoeuvrability must provide a combined 

assessment of power expenditure as well as linear and angular displacement. In that 

sense, neither the CoT nor LMN are a suitable measure of fish manoeuvrability. 
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Recent investigations on the energetics of fish locomotion utilise bio-inspired robotics 

to benefit from the controllability and measurability of the engineered system. In Lu 

et al. (2023), the authors propose a cost-and-energy-saving analysis and a power cost 

optimisation method. The analytical and experimental work compares the swimming 

efficiency of a robotic fish with a caudal fin made up of two active and two passive 

joints and another robotic fish consisting of 4 actuated joints. Inspired by the flexible 

material structure of fish, the design of the passive joints is proposed to reduce the 

moment of inertia of the caudal fin and the required active torque of the joints. Results 

show a reduction of Cost of Travel up to 75% through the use of passive joints. 

Anastasiadis et al. (2023) present an analysis of the swimming efficiency of a multi-

actuated eel-like robotic fish and identify trade-offs between swimming efficiency and 

swimming speed. The parametric study of different undulation amplitudes, wave 

lengths and frequencies show that the swimming speed of the robotic fish increases for 

higher amplitudes and wave lengths, however, higher efficiency is achieved at medium 

amplitudes and wave lengths. Changes to the frequency modulate the swimming speed 

while maintaining efficient locomotion. 

2.3 Modelling and simulation of fish locomotion 

In the past, simulating bio-inspired propulsion around wings and fins was often 

modelled as a single body system (Combes and Daniel, 2003;Akhtar and Mittal, 

2005;Spagnolie et al., 2010;Mountcastle and Combes, 2013). However, such 

approaches may only model part of the fish body, for example, the caudal fin, and 

neglect complex internal dynamics of the fish physique. A fish may be modelled as a 

multi-body system in which active muscle actuation and passive deformation of 

appendages are represented by active and passive rotational joints respectively. The 

resolved internal dynamics provide insights into the muscle behaviour and torque, 

which also benefits the development of bio-inspired robotic systems. Various multi-

body simulations with active prescribed joint motion and passive spring like 

deformation may be found in literature (Farnell et al., 2004;Akhtar and Mittal, 

2005;Kajtar and Monaghan, 2010). 
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Recent multi-body models have mainly been developed for control purposes and 

include simplified fluid models that enable fast computation. Boyer et al., (2006) and 

Khalil et al. (2007), presented models for a 3D eel-like robot based on the Newton-

Euler equations and a semi-empirical fluid equation. As noted by Kelasidi (2014), both 

models require numerical computation of the drag forces.  

Kelasidi et al. (2014) presented a multi-body dynamics and hydrodynamics model 

based on the semi-empirical Morrison’s equation in closed form that mitigates the need 

to numerically compute the drag forces. 

 

(a)     (b) 

Figure 2.2 Exemplary schematics of simulated simplified rigid single body fish 

(Akhtar and Mittal, 2005) and (b) multi-body systems (Li et al., 2018). 

As noted by Porez et al. (Porez et al., 2014), to create an accurate model that describes 

the relationship between local and global motion and external forces requires the 

solution of the Navier-Stokes equations which cannot currently be resolved in real 

time. Simplifications, such as the assumption of inviscid flow may be compensated 

with models of specific flow features, yet many remain too computationally expensive 

for real time calculations. Popular analytical fluid models in the robotics community 

include Morrison’s equation (1950) and Large Amplitude Elongated Body Theory 

(LAEBT) by Lighthill (1971) as well as their evolutions and extensions. 

Simplifications and inaccuracies of analytical fluid dynamic models lead to inaccuracy 

and increasing error over time. In terms of analysis, derived results may no longer 

represent the real world. 

Implementing body dynamics algorithms within numerical simulations makes it 

possible to resolve the Navier-Stokes equations and gain detailed insights into the fluid 
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flow and fluid structure interaction. Although slower in comparison with traditional 

models for controller development and analysis, this approach provides important 

insights into the fluid structure interaction and may also support faster computing 

simulations in that it is able to calculate the fluid coefficients required in simplified 

models. CFD simulations coupled with dynamics models allow the simulation of self-

propulsion, which is important in capturing instantaneous forces and moments. For 

self-propelled swimmers, the incoming velocity may no longer be a predefined 

constant but instead a result of the fluid structure interaction. Li et al., (2018) presented 

a multi-body CFD tool that is able to simulate serial and tree-like multi-body 

structures. Their multi-body algorithm coupled with a Navier-Stokes solver is able to 

resolve the internal and external dynamics of the multi-body system via three recursive 

calculations.  

 

(a)      (b) 

Figure 2.3 Presented by Li et al. (2018), a simulation of a Puffer fish: (a) surface meshed 

CFD model and (b) live photo  

To solve the Navier-Stokes equations in a discretised domain, the commonly applied 

numerical techniques are the finite difference, finite element and finite volume 

methods. The three techniques may show different applicability and individual 

benefits and drawbacks, depending on the simulated case. The finite difference method 

is the oldest method and was developed by Euler in 1768. It may only be applied to a 

structured mesh, where it describes the fluid domain at each grid point. The finite 

volume method, characterised by the integral formulation of the Navier-Stokes 

equations, directly utilises the conservation laws of mass, moment and energy. This 

technique may be applied to more complex and dynamic meshes. The majority of 

commercial fluid solvers are finite volume based.  
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Mesh generation is highly individual to the simulated problem and remains 

challenging for complex objects. A numerical method not requiring a body conforming 

mesh is the Immersed Boundary (IB) method, first developed by Peskin (1972). This 

method remains a highly attractive tool due to the relative ease of modelling moving 

boundaries and complex geometries as well as the relative speed of computation, and 

has been used in several studies of fish swimming (Zeng et al., 2023). Mittal and 

Iaccarino (2005) discuss the IB method, its implementation and the differences 

between conform and non-conform body mesh methods. The body conform methods 

such as the finite volume method, sees the geometrical grid information incorporated 

in the discretisation of the governing equations. In the IB method, the simulated 

flexible or rigid body is placed on top of a Cartesian grid, where both object boundaries 

are not conformed. This significantly simplifies grid generation and avoids coordinate 

transformation and complex discretisation operators yet requires modification of the 

governing equation close to the body boundary. Regardless of the required higher 

mesh scaling around boundary layers for non-conform grids and higher Reynolds 

numbers, the use of a Cartesian grid significantly reduces computational expense; 

however, the special treatment around the boundaries may deteriorate the stability, 

accuracy and conservation properties compared to body-conform mesh schemes 

(Mittal and Iaccarino, 2005). Huang and Tian (2019) describe different remaining 

major challenges of the IB method, including improving boundary layer modelling and 

improving related computational expense. 

Advances in artificial intelligence (AI) and machine learning (ML) have also been 

applied to the field of fluid mechanics and fluid dynamics simulations of bio-inspired 

locomotion, including fish swimming. The term machine learning includes different 

approaches such as deep neural networks as well as reinforcement learning and deep 

reinforcement learning (Wang et al., 2022). Reinforcement learning describes a 

repetitive learning process guided by a reward function to iteratively achieve an 

optimal solution. Neural networks are mathematical structures of connected nodes, 

inspired by the human neuro system, that are able to learn based on labelled data, so-

called supervised learning, to make predictions that are also true based on provided 

input data or known laws of physics. Next to the application of ML techniques to 

optimise locomotion parameters, ML techniques may also be applied to solve the 
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governing Partial Deferential Equations (PDEs) of fluid flow. Ranade et al. (2021) 

presented an ML based solver able to solve the steady incompressible Navier-Stokes 

equations including the widely accepted reference case of flow past a cylinder. 

Successful ML techniques may be able to provide real time solutions of fluid flow to 

enhance in situ control algorithms with flow information for the solution of the 

dynamic equations. Something that is not possible in real time with current available 

methodologies. 

 

(a)     (b) 

Figure 2.4 Comparison of a velocity magnitude contour at Re = 10 between (a) ML-based 

fluid solver and (b) Ansys Fluent. (Ranade et al., 2021). 

It may be said that the ML based fluid dynamics is still in its infancy. Despite 

promising early results, several challenges remain, especially at higher Reynolds 

numbers and turbulent flows (Duraisamy et al., 2019). A general challenge of ML 

models beyond the field of fluid mechanics is the acquisition, generation and quality 

control of input data. A solution to this may be provided by Physics Informed Neural 

Networks (PINN) that provide input information based on known laws of physics 

(Raissi et al., 2019).  

2.4 Fluid and control design simulations 

Significant progress in simulation tools and available computational power have 

enabled more and better analysis of fluid problems relating to fish hydrodynamics. In 

1998, Carling et al. (1998) published work in which the swimmer moves freely and 

self-propelled by means of simultaneous solution of Navier-Stokes equations and 

Newton’s Second Law. Compared to the previously made assumptions of a globally 
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fixed swimmer, the free moving solution makes it possible to capture instantaneous 

acceleration effects. Many studies focused on the analysis of steady fish locomotion 

in uniform water conditions (Kern and Koumoutsakos, 2006) (Tokić and Yue, 2012) 

(Eloy, 2013); however, fish spend the majority of their time performing unsteady 

locomotion (Drucker and Lauder, 2001) and experience unsteady flow (Liao et al., 

2003). Feedback control plays a key role in unsteady swimming locomotion, such as 

manoeuvring, through proper sensing and actuation techniques. 

Maertens et al. (2017) applied a PID controller in a CFD study investigating optimal 

amplitude functions of a 2D and 3D fish-like body and optimisation of two fish-like 

bodies swimming in tandem. Their study compares different combinations of 

amplitude envelope functions and function variables and uses the quasi-propulsive 

efficiency as criteria of energy efficiency. Investigated amplitude envelope functions 

are linear, quadratic and Gaussian exponential. Each combination of amplitude 

function and function variables generates a different level of thrust force. The fluid 

governing equations are solved using the second-order boundary data immersion 

method (BDIM) published by Maertens and Weymouth (2015). To compare the 

different amplitude combinations, a PID controller is setup to scale the amplitude 

magnitude so that the generated thrust force is matched with the incoming velocity 

drag force. The controlled system results in the fish-like body swimming at quasi-

steady state at a Reynolds number 5000, where the input power is measured to 

calculate the quasi-propulsive efficiency. The initial transition to undulation motion 

results in a momentum and subsequent heading change away from the horizontal 

direction. To maintain a horizontal swimming position, a second PID controller is 

applied to scale the fish-like body curvature that controls the turning momentum to 

counteract any divergence from the horizontal heading. The controller gains were 

determined ad hoc. For 2D gait optimisation, a globally fixed NACA0012 hydrofoil is 

set to adjust its thrust and heading by varying its amplitude and curvature magnitude 

respectively. The study achieves carangiform gait optimisation for 2D swimmers from 

35% to 50% and for 3D swimmers from 22% to 34% quasi-propulsive efficiency. 

Gao and Triantafyllou (2018) applied two independent PID controllers to scale the 

amplitude magnitude and control the tail pitch bias on a fish-like body to study the 
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optimal hydrodynamic interaction between two fish-like bodies swimming in tandem. 

The applied fluid solver and PID controllers correspond to those of Maertens et al. 

(2017). In both studies the undulation cycle-averaged linear momentum in x and y are 

used as control errors for speed and steering respectively. The authors noted that for 

converging control parameters, the hydrodynamics parameters also converge over one 

undulation cycle, resulting in a consistent Karman vortex street over multiple 

undulation periods. Figure 2.5 shows the used NACA0012 geometry with an 

independent caudal fin, which provides an additional degree of freedom but remains 

kinematically and dynamically coupled to the main body.  

 

(a)      (b) 

Figure 2.5 (a) NACA0012 geometry with independent caudal fin (b) vorticity schematic 

highlighting the influence of the caudal fin on the vortex street in the wake and interaction 

between two fish like bodies swimming in tandem. (Gao and Triantafyllou, 2018). 

Controlling the caudal fin independently improves fluid structure interaction at the 

upstream swimmer and downstream swimmer, interacting with incoming vortices.  

The study of Gao and Triantafyllou (2018) finds that energy savings may surpass 50%, 

resulting in a quasi-propulsive efficiency rising from 60% to 90% only when the 

caudal fin is allowed to pitch independently. Results show a high sensitivity of caudal 

fin parameters on the efficiency, from which the importance of accurate flow sensing 

and feedback control is concluded.  

Tian et al. (2020) applied feedback control known as Active Disturbance Rejection 

Control (ADRC) within a numerical fluid simulation to create a virtual platform to 

find optimal controller gains. As with PID control, ADRC is driven by tracking error 

and is a model free control strategy in that it does not require a detailed model of the 

systems dynamics but is simply applied on the input and output of a system. In 

contrast, Model predictive control (MPC) requires a detailed dynamics model to 

predict the state of the system at a future time. Both control strategies also share 
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simplicity in implementation and application to a wide range of problems. Han (2009) 

speculates that ADRC may reduce PID application dominance by addressing four 

limitations of PID control. The improvements inherent in ADRC include the 

following: the differential equation used as a transient profile to avoid a stepwise error 

function, a noise tracking differentiator to avoid instability related to the sensitivity of 

the derivative term, a nonlinear feedback control law to replace a simple three term 

sum and total disturbance estimation and rejection to mitigate instability of the integral 

term. Tian et al. (2020) applies ADRC control, shown in Figure 2.6, for the 2D 

orientation control (yaw) of a fish robot swimming between two arbitrary points at an 

assumed constant speed.  

 

Figure 2.6 ADRC feedback control block diagram as implemented by Tian et al. (2020) and 

Li et al. (2019). 

With reference to Li et al. (2019), the study considers the three control scenarios of 1) 

target position control, 2) target pose control, in other words, heading control without 

transfer orientation and 3) target pose with transfer orientation. Combined control of a 

target position and orientation is achieved by defining the initial control input as the 

sum of the weighted difference between a target angle and an auxiliary angle of a 

transition point and an observer variable respectively. The key novelty of the study is 

the integration of the control algorithm within a CFD environment that is used to 

simulate and identify optimal control gains of the ADRC controller. The 2D numerical 

results are successfully matched with a physical 3D prototype in terms of trajectory, 

swimming efficiency and power cost. The use of an ADRC controller is justified by 

potential disturbances, such as water ripples, yet the authors do not quantify such 

disturbances and fail to show the benefit of using ADRC over PID control. The 

described cases published by Maertens et al. (2017), Gao and Triantafyllou (2018) and 

Tian et al. (2020) all apply prescribed body kinematics; hardly any work has coupled 
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control FSI simulation that simultaneously solves the fluid and structure governing 

equations. 

Hess et al. (2020) apply two PID controllers on a self-propelling soft robot-like 

swimmer to achieve the desired swimming speed and trajectory tracking. The soft 

robot is represented by a 2D elastic plate with finite thickness. The plate is actuated by 

means of active contractile strains on both sides. The PID controller independently 

scale the actuation strength and bias of the active material strains for thrust and 

orientation variation respectively. The simulation is set within a novel Fictious Domain 

FSI solver that efficiently deals with coupled computation of non-linear structures and 

flow dynamics (Lin et al., 2019). Figure 2.7 (a) shows an instantaneous vorticity 

contour of the swimming plate including reversed Karman vortex street. Figure 2.7 (b) 

shows the trajectory and radii of the turning plate as a result of different factors of 

strain bias denoted as 𝛽 by the authors. 

 

(a)      (b) 

Figure 2.7 (a) Instantaneous vorticity contour (b) turning trajectories and turning radii for 

changes of strain bias 𝛽 (Hess et al., 2020). 

Using the established CFD-FSI and control environment, Hess et al. (2020) employed 

a multi-object evolutionary method to find the optimal feedback controller for 

manoeuvring. In detail, control parameters were optimised for a number of moving 

target trajectories at different Reynolds numbers as well as straight and sinusoidal 

paths. Figure 2.8 shows two trajectories of the optimised path following control (red: 

lowest average error, blue: lowest combination of error and elastic energy). A multi-

objective evolutionary algorithm is applied that uses an evolutionary process to find 

solutions that balance multiple, often conflicting objectives simultaneously. 
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Figure 2.8 Straight line trajectory tracking optimisation results of minimum average error 

(red) and minimum average error and lowest elastic energy (blue) (Hess et al., 2020).. 

2.5 Bio-inspired robot design review 

A key feature of BCF bio-inspired propulsion is structural flexibility along the central 

line. Limited by the inability to manufacture natural muscles and soft tissue, scientists 

and engineers have developed ingenious approaches to recreate the oscillation and 

undulation motion of body caudal fin fish.  

Elastic bending in smart materials is triggered by electrical and temperature 

stimulation. By applying and removing external signals according to a time profile, 

periodic motion is introduced (Ma et al., 2023). Examples of smart materials and their 

application in bio-inspired propulsion are Piezoelectric Ceramics (Cha et al., 2016), 

Shape Memory Alloy (SMA) (Coral et al., 2018), Ionic Polymer Metal Composites 

(IPMC) (Chen, 2017), Dielectric Elastomers (DE) (Shintake et al., 2018) and Super 

Coiled Polymers (SCP). An SMA based design created by Coral et al. (2018) and an 

SCP based design created by Rajendran (2022) are presented in Figure 2.9. 

  

(a)      (b) 

Figure 2.9 Examples of robotic fish designs using smart materials based on (a) Shape 

Memory Alloy (SMA) (2018) and (b) Super Coiled Polymers (SCP) (2022). 

Hydraulic and pneumatic actuators achieve periodic motion via pressure difference of 

internal cavities. Developed at MIT the Soft Fin Robot (SoFi) (Katzschmann et al., 

2015) utilises a hydraulic pump to move water between two cavities. A Pneumatic 
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actuation mechanism applies an identical methodology but uses air as the pressure 

medium. Examples of pneumatic actuators used in robotic fish are presented by Wolf 

and Lauder (2022) and Yu-Hsiang (2023). Motors transform electrical energy into 

mechanical energy and play a crucial role in many applications. Direct current motors, 

servo motors and stepper motors are used in various bio-inspired robotic designs. 

Presented by Chen and Jiang (2019), a servo motor is used to drive a tensegrity 

structure. Rubi at al. (Parra Rubio et al., 2023) developed a modular and scalable 

robotic fish structure that is made up of a number of voxels actuated by a servo motor 

pulling tendons.  

  

(a)      (b) 

Figure 2.10 Undulation actuated mechanical designs of (a) tensegrity structure by Chen and 

Jiang (2019) and (b) rotation helix by Struebig et al. (2020). 

Struebig et al. (2020) presented a design in which a helix is continuously rotated by a 

DC motor. The horizontally rotating helix moves laterally connected discrete panels 

to create a periodic moving surface. In addition to single actuator designs, various 

designs apply multiple actuators in a serial arrangement to achieve elongated multi-

actuated structures. The design investigated by Yu (2008) connects two servo motors 

in series, which enables the variation of gait kinematics via direct control of the 

individual servo input signal. Liljebäck et al. (2014) and Bayat et al. (2016) 

individually presented modular robotic designs in which modules housing electronic 

equipment are connected in series.  

2.6 Modular bio-inspired robotics review 

Modular snake or eel-like bio-inspired robotics is a branch within bio-inspired robotics 

with strong research interest. This may be due to the early interest in the distinct 
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locomotion of snakes (Liljebäck et al., 2013) and their ability to travel both on land 

and in water as amphibians (Ijspeert et al., 2007), but may also be the logical extension 

to early designs of in series connected actuators or a result of the appealing benefits of 

a modular configurable, extendable and redundant design. 

  

(a)       (b) 

  

(c)       (d) 

Figure 2.11 Modular snake / eel like robot design (a) Amphibot I (Crespi et al., 2005), (b) 

Amphibot II (Crespi and Ijspeert, 2006), Amphibot III (Porez et al., 2014), (d) Envirobot 

(Bayat et al., 2016). 

The first iteration of the Amphibot was described in (Crespi et al., 2005). The modular 

robot that took inspiration from snakes and amphibians was designed to crawl on land 

and swim in water. The tethered design consists of 7 actuated elements constructed 

using a polyurethan cast mould and O-rings for watertightness, with each module 

measuring 7x3.3x5 cm (LxWxH). Each joint provided one rotational degree of 

freedom in yaw. Each module housed a 3.7 V battery with 600mAh to drive a 0.75W 

motor at 3.6V and electronics at 5V. The battery capacity allowed for 2hrs continuous 

use and an LTC 1733 control chip enabled recharging when activated. The DC motor 

of circa 60% efficiency is connected to a shaft via gears with a reduction factor of 400, 

which resulted in a maximum oscillation frequency of 0.3 Hz at 45 degrees amplitude. 

The robot is controlled via a CPG system and a PD controller is applied to achieve the 

required joint torques. The maximum measured crawling speed was 0.035 m/s at a 

wave frequency of 0.25 Hz, a phase lag of 0.5 and an amplitude of 45 degrees.  

In 2006, Crespi and Ijspeert (2006) published the second generation design of the 

Amphibot. The design also has 7 elements but could theoretically incorporate up to 

127 segments into the chainlike structure. Each module has a dimension of 9.4x5.5x3.7 
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cm (LxWxH). Compared to the first iteration, the design improves the mechanical 

design, motor power, communications capabilities, added an onboard CPG to remove 

the tether and enhanced waterproofing. The top crawling and swimming speeds were 

measured to be 0.4 m/s and 0.23 m/s respectively. The actual swimming locomotion 

speed is notably lower than the result of a presented Webots based simulation of 0.87 

m/s. After applying the gradient-free optimisation method, Powell’s method, the 

undulation frequency was confirmed as the simplest parameter for controlling the 

locomotion speed. Further, it was found that the optimal locomotion gaits are not the 

same for crawling and swimming and that the optimal gait performance deteriorates 

rapidly when small changes are made to kinematic parameters (Crespi and Ijspeert, 

2008).  

The third iteration of the Amphibot was detailed by Porez et al. (Porez et al., 2014). 

The design shows an updated casing consisting of three elements (top, bottom and 

central) and each assembled module has dimensions of 9.7x5.7x4 cm (LxWxH). 

Similar to previous designs, waterproofing is achieved by means of an O-ring around 

a moving shaft. The presented robot configuration consists of 8 actuated elements with 

a density of 1 kg/𝑚3 to swim just below the water surface. Each module houses an 

identical set of electronics including a 0.57 Nm DC gear motor, a PD position 

controller and a water ingress detector. The upgraded joint design includes a spring 

connected between the drive shaft and a neighbouring segment to form a serial elastic 

actuator. Experimental swimming results show a significantly improved maximum 

locomotion speed of 0.59 m/s. 

The modular design of the Amphibot has further been used in the Boxybot (Lachat et 

al., 2006). In this case, a robot is fitted with two pectoral fins and a caudal fin with 

general inspiration from the boxfish and the Envirobot (Bayat et al., 2016) fitted with 

water sampling sensors. 

Designed originally as a crawling snake robot, the Mamba was first published in 2014 

(Liljebäck et al., 2014). The presented design consists of 12 jointed modules housed 

in a 3D printed casing produced using selective laser sintering. Each joint module 

weighs 310g and measures 70x70 mm (WxH) and measures 89 mm between the joint 

axes. The joints provide one degree of freedom at a max amplitude of 90 degrees. The 
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2.3 Nm DC motor torque achieves a no-load max turning speed of 428 degrees per 

second. Connected joints may be rotated so that the joint rotation is in yaw or pitch. 

The modules are waterproofed by means of an O-ring around the rotating shaft 

connection. Watertightness during swimming tests was achieved by a flexible cover 

(Kelasidi et al., 2018). The robot is powered and can communicate via a tether and Wi-

Fi is also available. Experimental tests were conducted to investigate the locomotion 

efficiency and path following ability of the Mamba robot with and without a passive 

caudal fin (Kelasidi et al., 2018). 

 

(a) 

 

(b) 

Figure 2.12 (a) Mamba Underwater Snake Robot, fitted with a watertight flexible cover, 

during experimental testing (Kelasidi et al., 2018), (b) CGI graphic of commercial bio-

inspired AUV Eelume (Eelume AS, 2023). 

Results confirmed the importance of the caudal fin that led to a forward velocity 

increase of 88% with relatively low change to the required input power. The maximum 

measured forward velocity was circa 0.26 m/s. Following the Mamba research, a 

commercial multi-actuated hybrid design, called the Eelume, was presented (Liljebäck 

and Mills, 2017). Taking a different approach to other modular designs, the modular 

structure includes thrusts achieving a maximum forward velocity of 2 m/s. The 
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medium size model weighing 75kg and operating at 300V has a depth rating of 150 

mm. The joints are waterproofed by flexible covers and may also be oil filled to 

prepare for greater water depths. The system continues to be developed as an 

autonomous resident system (Eelume AS, 2023). 

In 2009, the ACM-R5 was published by Yu and Wang (2009). The presented design 

consists of 9 body modules that each house an identical set of electronics. The DC 

motor driven joints each provide two degrees of freedom in coupled or decoupled yaw 

and pitch. The system includes wheels on the outside of modules to enable crawling 

on land and is made watertight by O-rings and a flexible cover around the joints for 

swimming in water. The battery powered system has two separate 5V power sources 

for the control boards and the motors. The crawling and swimming speeds of the robot 

were recorded at 0.15 m/s and 0.07 m/s respectively.  

  

(a)     (b) 

Figure 2.13 (a) ARCM swimming underwater (Guizzo, 2013) (b) LAMPETRA – modular 

design using magnetic actuation (Stefanini et al., 2012). 

A further notable design is the LAMPETRA published by Stefanini et al. (2012). A 

key novelty of the design is the magnetically actuated joints. Body undulation is 

achieved via magnets arranged laterally on either side of the robot that are rotated to 

attract and repel to enable the robot to curve locally. According to the authors, the use 

of magnets enables it to capture the passive dynamics in fish swimming. The presented 

design consists of 21 segments with a total robot length of 99 cm. The maximum 

recorded swimming speed is circa 0.6 m/s and the maximum body curvature has a 

radius of 75 mm for manoeuvring and obstacle avoidance.  
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Work by Mintchev et al. (2012) presents a modular bio-inspired autonomous vehicle 

where the individual modules are design to be able to decouple and couple to either 

swim independently or docked together. The systems, shown in Figure 2.14, presents 

a novel hybrid joint design consisting of small permanent magnets for 3D alignment 

underwater and a mechanical screw connection. 

 

Figure 2.14 Modular anguilliform AUV design able to couple and decouple body modules 

(Mintchev et al., 2012). 

2.7 Concluding remarks 

The literature review highlights the interdisciplinary nature of understanding how fish 

swim efficiently and how to build efficient bio-inspired underwater robots. Current 

designs continue to fall short of performances exhibited by their natural inspiration 

and more research work is needed. A wide variety of simulation tools have been 

developed to simulate fish locomotion, including a Volume of Fluid (VoF) based 

solver, the Immersed Boundary Method and an ML based solver. Overall, CFD 

provides an excellent research platform for improved understanding of fish related 

fluid mechanics. Coupling CFD simulations with multi-body dynamics remains a 

novel approach to study multi-body systems with active and passive joints, such as 

bio-inspired fish-like robots. Adding feedback control provides further novelty to 

enable new dynamic simulations of steady and unsteady swimming. The CFD multi-

body and control high-fidelity environment is capable of capturing both the 

hydrodynamics and robotic control of fish-inspired robots. Enhanced control of the 

swimmer’s motion within the simulation supports analysis of unsteady swimming, an 

area of fish swimming with significant knowledge gaps. A few early studies combining 

CFD simulation with feedback control have shone a light on the great potential this 
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field of research has to offer. However, more research work is required for a better 

understanding of efficient fish propulsion and manoeuvrability. 

This literature review shares examples of the wide range of bio-inspired underwater 

robots that have been built in the past. A detailed review of eel or snake-like modular 

bio-inspired robots highlights the specific interest in anguilliform swimming and the 

mechanical aspects of this locomotion category. The majority of designs achieve 

watertightness using O-rings and/or flexible covers. These are subject to wear and tear 

and may provide insufficient protection in deep waters. Moreover, it may prove 

challenging to access, repair and replace individual modules. More work is required to 

mature designs and optimise swimming performance.  

Bio-inspired robotics have shown superior manoeuvrability compared to conventional 

rigid systems. However, knowledge gaps require further research into optimal body 

curving of manoeuvring BCF swimmers.  

In summary the following gaps have been identified: 

• Few studies have coupled numerical simulations with feedback control. 

• Few studies have combined high fidelity hydrodynamic control and analysis. 

• No study has focused on the optimal body curvature envelope of BCF 

manoeuvring. 

• No performance coefficient for manoeuvring that includes the turning radius 

has been proposed. 

• Few studies have focused on unsteady swimming locomotion. 

 

As a result, this work has the following objectives: 

Numerical investigation: 

• Establish linear feedback control logic for bio-inspired swimmer control 

scenarios. 

• Establish CFD simulation coupled with linear feedback algorithms to model a 

modular bio-inspired underwater vehicle. 
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• Apply control strategies in numerical investigations related to bio-inspired 

underwater locomotion. 

Experimental investigation: 

• Design and build of a bio-inspired robot prototype. 

• Experimental hydrodynamic lab testing of a bio-inspired robot prototype.   
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Chapter 3  Numerical modelling and control of BCF 

swimmers 

3.1 Computational Fluid Dynamics 

Computational Fluid Dynamics describes the field of solving fluid governing 

equations numerically to study and understand fluid flow related problems. Compared 

to experimental studies it requires less effort to investigate large parameter spaces and 

models at different scales. The significant computational cost is compensated by 

highly detailed, transient, discrete flow information that is essential to solving modern 

fluid dynamics optimisation and design engineering challenges. 

Mathematically, fluid flow may be described by a set of partial differential equations 

that are derived from the conservation laws of mass, momentum and energy (Ferziger 

et al., 2019). Analytical solutions to these equations may only exist for simplified 

assumptions (Lighthill, 1971) (Wu et al., 2014) and non-complex geometries which 

lead to inaccuracies. CFD combines mathematics, physics and computer science to 

create powerful algorithms to simulate fluid dynamic systems with high spatial and 

temporal resolution to a high degree of accuracy (Ansys Fluent, 2021). This work 

focuses on the investigation of the fluid structure interaction of feedback controlled, 

multi-actuated, bio-inspired underwater robots and the combined hydrodynamic and 

control analysis to determine optimal parameters for bio-inspired underwater 

propulsion. To model such a complex system, both the fluid dynamic system and the 

body dynamic system need to be resolved in a coupled computational platform. 

This work uses the commercial CFD package Ansys Fluent (Ansys Fluent, 2021) in 

combination with User Defined Functions (UDF). Throughout this work various 

versions of Ansys are used from version 17.2 to 22.2. The UDF interface makes it 

possible to integrate self-developed algorithms that describe the dynamics of a robot-

like, bio-inspired flexible structure in combination with the fluid domain solver. 

In the following, the fluid governing equations, a mesh quality and dynamic meshing 

strategy as well as the applied solver scheme and UDF coupling are explained. Further, 
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algorithms of single and multi-body systems are introduced in detail and a reference 

is given to a coupled fluid and structure solver.  

3.1.1 Fluid dynamics governing equations 

Based on the work by Ferziger and Peric (2019), the transportation equation describes 

the transport mechanism of a scalar quantity 𝜙 within a fluid. The general form of the 

transportation equation is given by 

𝜕

𝜕𝑡
∫ (𝜌𝜙)𝑑𝑉

 

𝑉

+ ∫ (𝜌𝜙𝒖) ∙ 𝑑𝑨
 

𝑉

= ∫ (Γ grad 𝜙) ∙ 𝑑𝑨
 

𝑉

+ ∫ 𝑆𝜙

 

𝑉

𝑑𝑉, (3.1) 

Time 

derivative term 
+ 

Convective 

time 
= 

Diffusive 

term 
+ 

Source 

term 
 

where 𝑉 is an arbitrary fixed control volume, 𝑡 is the time, 𝒖 = (𝑢, 𝑣, 𝑤)𝑇 is a velocity 

vector, 𝜌 is the fluid density and may be neglected according to the assumption of the 

incompressibility of water, 𝑨 is the face area vector, 𝛤 is a diffusion coefficient for 

𝜙, 𝑆𝜙 is the source term, and grad 𝜙 is the gradient of 𝜙. From Equation (3.1) the mass 

and momentum conservation equations can be derived for 𝜙 = 1  and 𝜙 = 𝒖 

respectively. These equations are also known as the Naiver Stokes equations.  

The general form of Equation (3.1) may be adjusted to represent the simulated case. 

Water is considered an incompressible and viscous Newtonian fluid. Therefore, the 

density term may be removed due to the incompressibility assumption of water. 

Combined with the assumption of mass conservation, this concludes to a divergent-

free velocity field, meaning no source or sink. A detailed derivation of governing 

equations is available in the relevant literature.  

3.1.2 CFD mesh and dynamic meshing 

Mesh quality is of critical importance to achieve accurate and precise results in CFD 

simulations. Local solutions are calculated at the control volume centre; hence, a 

refined mesh increases the solution resolution and reduces the discretisation error. 

Extensive refinement leads to excessive computational cost. Instead, local grid 

refinement, such as those close to surface boundaries and other areas of interest, 
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provides local accuracy in areas of interest. A mesh dependency study compares 

simulation results for different levels of refinement to identify an optimal mesh in 

terms of mesh quality and computational cost. 

Mesh quality criteria include the control volume aspect ratio (the ratio between the 

longest and the shortest edge), skewness (deviation from an ideal shape), orthogonality 

(angle between adjacent cell faces) and the expansion ratio between adjacent cells (rate 

of control volume increase between neighbouring cells). 

Dynamic meshing allows for mesh adaptation and refinement around moving 

boundaries during the simulation to maintain high mesh quality. Mesh motion may 

appear in simulations of moving objects due to prescribed motion or, as presented in 

this work, as a result of fluid -swimmer interaction. 

Mesh smoothing and remeshing options within Ansys Fluent are used throughout this 

work. For example, the Spring-Based Smoothing Method (Ansys Fluent, 2021) 

considers the mesh edges as springs. The spring force is given by Hook’s law and is 

calculated as follows 

𝑭𝑖 = ∑ 𝑘𝑖𝑗(∆𝒙𝑗 − ∆𝒙𝑖)

𝑛𝑖

𝑗

, (3.2) 

where 𝑭𝑖  is the spring force vector of the i-th mesh node, ∆𝒙𝑖  and ∆𝒙𝑗  are the 

displacements of node 𝑖 and its neighbouring nodes numerated from index 𝑗 to 𝑛𝑖. The 

spring stiffness is represented between node 𝑖 and node 𝑗 by 𝑘𝑖𝑗. At equilibrium, in 

other words, the initial condition, the net spring force acting on the nodes is zero. To 

account for mesh node motion, the integral form of the incompressible, unsteady 

transport equation without source or sink is given by 

𝜕

𝜕𝑡
∫ (𝜌𝜙)𝑑𝑉

 

𝑉

+ ∫ (𝜌𝜙(𝒖 − 𝒖𝒈)) ∙ 𝑑𝑨
 

𝜕𝑉

= ∫ (Γ grad 𝜙) ∙ 𝑑𝑨
 

𝜕𝑉

+ ∫ 𝑆𝜙

 

𝑉

𝑑𝑉 (3.3) 

where 𝒖𝒈 is the mesh displacement velocity vector (Ansys Fluent, 2021). 

The updated cell volume between the current and next time level, 𝑛  and 𝑛 + 1 is 

calculated by 
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𝑉𝑛+1 = 𝑉𝑛 +
𝜕𝑉

𝜕𝑡
∆𝑡. (3.4) 

For the mesh to maintain the conservation law, the rate of volume change 𝑑𝑉 𝑑𝑡⁄  is 

calculated by 

𝜕𝑉

𝜕𝑡
= ∫ 𝒖𝒈

 

𝜕𝑉

∙ 𝜕𝑨 = ∑ 𝒖𝑔,𝑗 ∙ 𝑨𝑗

𝑛𝑓

𝑗

, (3.5) 

where 𝑛𝑓 denotes the count of faces within the control volume, 𝑨𝒋 the area vector of 

the j face and 𝒖𝑔,𝑗 the mesh volume face velocity vector of node j. 

3.1.3 Solver scheme & user defined functions 

Solutions to the discretised Naiver Stokes equations can be obtained using iterative or 

non-iterative algorithms. Iterative numerical solvers approximate solutions to 

mathematical problems through a series of refinements, improving accuracy with each 

iteration until convergence is achieved. Direct numerical solvers, on the other hand, 

aim to find the exact solution in a finite number of steps, typically using methods like 

Gaussian elimination for systems of linear equations. To resolve the equations, the 

velocity field may be corrected by the pressure field using the so-called pressure-

velocity coupling. Popular solver algorithms that employ a pressure-velocity coupling 

include the iterative algorithm, the Semi-Implicit Method for Pressure Linked 

Equations (SIMPLE), and the non-iterative algorithm Fractional Step. 

Iterative and non-iterative solver time advancement schemes have their respective 

benefits and drawbacks, depending on the simulated case. Non-iterative solver 

algorithms are considered easier to implement and may provide faster and stable 

solutions. Figure 3.1 shows a combined process diagram of the fractional step solver 

including UDF macros in Ansys Fluent. Notable is the absence of outer iterations in 

contrast to the presence of inner iterations around the velocity solution and pressure 

correction.  
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Figure 3.1 Ansys Fluent Fractional Step including a User Defined Function process diagram.  

UDF macros enable online communication between a user created code and Ansys 

Fluent. Within the boundaries of the macros, users may create code that alters 

boundary conditions or moves surface nodes individually or groups of surface nodes. 

As shown in Figure 3.1 the macros DEFINE_INIT and EXECUTE_AT_THE_END 

are used to define the initial conditions at the beginning of the simulation and update 

calculations at the end of each time step respectively. The macros 

DEFINE_CG_MOTION and DEFINE_GRID_MOTION are used to define the 

motion of a centre of gravity of a rigid body and the movement of individual nodes of 

a flexible body.  

3.2 Body dynamics models 

Simulating a BCF swimmer in a virtual environment requires a mathematical 

description of the swimmer’s body motion and dynamics. In this Section, 

mathematical models are introduced for self-propelled BCF swimmers. Coupling these 

models with feedback control achieves dynamic simulations of unsteady swimmer 

manoeuvres. 

In addition to a single body algorithm, a more detailed multi-body algorithm is 

introduced; the latter is able to solve the internal and external dynamics including 

information on the torque of each joint. Reference is given to a coupled fluid and 

structure solver applied in the simulation of flexible structures present in bio-inspired 

robots as in, for example, caudal fins. Finally, time-discrete Proportional Integral and 
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Derivative (PID) control is introduced, and three different control strategies, used in 

the analysis of unsteady swimming, are introduced in Section 3.3. 

BCF swimming is characterised by its periodic body motion. For a swimmer of total 

length, 𝐿, and 𝑠 ∈ [0, 𝐿] being the position along its central spine, it is possible to 

describe the periodic body angular or lateral displacement y(t, s) by 

 y(t, s) = 𝐴(𝑠) sin(2π (−f t + φ(s)) + 𝐶(𝑠), (3.6) 

where 𝐴(𝑠) and 𝐶(𝑠) are the respective amplitude and curvature envelope functions, 

φ(s) is the phase distribution defining the represented wavelength, 𝑓 is the frequency 

and 𝑡  is the time. Defining 𝐴(𝑠)  makes it possible to represent different BCF 

swimming gaits, such as those shown in Figure 3.2. The definition of φ(s) makes it 

possible to vary the represented different wavelengths as observed in nature, for 

example, for anguilliform φ(s) ≥ 2𝜋  leads to an undulating body and thunniform 

φ(s) < 2𝜋 leads to a tail oscillating body.  

Equation (3.6) describes the body motion of a continuous swimmer, so that 𝑠 assumes 

the normal position of the surface nodes or a discrete multi-body swimmer where 𝑠 

assumes the value of the joint location. In the case of a single pitching or heaving foil, 

the amplitude function becomes the constant value of the trailing edge amplitude 

𝐴(𝑠) = 𝐴𝑇𝐸. 

 

Figure 3.2 Author created graph of experimentally identified amplitude envelopes published 

by a) (Hess, 1983), b) (Tytell and Lauder, 2004), c) (Di Santo et al., 2021). 
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Figure 3.2 plots amplitude envelope functions of linear and quadratic orders derived 

through experimental observation by Hess (1983), Tytell and Lauder (2004) and Di 

Santos et al (2021).  

An extensive numerical parametric study of a fish-like body by Maertens et al. (2017) 

found an exponential equation to be energetically optimal. Their findings highlight 

kinematic parameters to be highly affected by the swimmer’s species, physique and 

behaviour, so it is not possible to make a general statement on the optimal kinematic 

parameters. No clear definition of a curvature envelope 𝐶(𝑠) was found by the authors. 

The curvature envelope of bio-inspired robot fish is addressed in a numerical 

investigation in Section 4.1.  

3.2.1 Single body model 

The presented 2D single body model is based on a publication by Carling et al. (1998). 

The model considers a fish like swimmer as a single body entity, in which body 

flexibility is established through coordinated motion of surface nodes. The model 

captures body shape related changes to the centre of mass as well as the mass moment 

of inertia coupled with a CFD environment. It is also able to capture the 2D linear and 

angular global motion as a result of fluid structure interaction due to body shape 

changes. Figure 3.3 shows the trapezoid shaped swimmer within the local (𝑥𝑠, 𝑦𝑠) and 

global (𝑥, 𝑦) coordinate systems. 

 

Figure 3.3 Single Body model according to Carling et al. (1998). 



43 

 

All trapezoidal elements are of equal height, denoted as 𝑙, corresponding to equally 

spaced surface mesh nodes. According to Carling et al. (1998), a trapezoidal body 

geometry is described by 

𝑤(𝑠) =  𝑤0 − (𝑤0 − 𝑤1) (3 −
2𝑠

𝐿
)

 𝑠2

𝐿2
, (3.7) 

with coefficients 𝑤0 = 0.64 and 𝑤1 = 0.16 and an overall length of 𝐿 = 1.  

By changing Equation (3.7), it is possible to represent other geometries, including the 

NACA0012. To maintain mass conservation, the horizontal node motion ∆𝑥𝑠  is 

calculated by 

∆𝑥𝑠 = √𝑙2 − 𝑦(𝑠, 𝑡)2 (3.8) 

The swimmer’s total centre of mass coordinates are calculated by 

𝑥𝑐𝑔 =
∑ 𝐴𝑖  𝑥𝑠𝑐𝑔

∑ 𝐴𝑖
 (3.9) 

𝑦𝑐𝑔 =
∑ 𝐴𝑖  𝑦𝑠𝑐𝑔

∑ 𝐴𝑖
 (3.10) 

where 𝐴𝑖 , xs𝑐𝑔
 and ys𝑐𝑔

 are the trapezoid centre of gravity coordinates, which are 

calculated by 

𝑥𝑠𝑐𝑔
=

(𝑤(𝑠𝑖) + 𝑤(𝑠𝑖+1))

3(𝑤(𝑠𝑖) + 𝑤(𝑠𝑖+1))
𝑙, (3.11) 

𝑦𝑠𝑐𝑔
= 𝑦𝑠(𝑠𝑖), (3.12) 

𝐴𝑖 =
(𝑤(𝑠𝑖) + 𝑤(𝑠𝑖+1))

2
𝑙. (3.13) 

Variables 𝑤(𝑠𝑖) and 𝑤(𝑠𝑖+1) are the trapezoid base values and 𝑙  is considered the 

trapezoid element height. The mass moment of inertia is given by 
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𝐼 = 𝑚 𝑟2 = 𝐴 𝜌 𝑟2 = ∑ 𝐴𝑖 𝜌 𝑟𝑖
2, (3.14) 

where 𝑚 is the mass that can also be written as the product of Area 𝐴 and density 𝜌, 

and 𝑟 is the radius of gyration calculated by 

𝑟𝑖 = √(𝑥𝑠𝑐𝑔
− 𝑥𝑐𝑔)

2

+ (𝑦𝑠𝑐𝑔
− 𝑦𝑐𝑔)

2

. (3.15) 

Global motion in the plane and one degree of rotation is then calculated by solving 

Newton’s second law, using the force and moment calculated by the CFD simulation, 

and integrating the linear and angular acceleration terms using the Euler integration 

method. 

Linear acceleration vector 𝒂, velocity vector u and displacement vector 𝒙 at time step 

t+1 are derived through Euler integration as follows 

𝒂𝒕 =
𝑭

𝑚
, 𝒖𝒕+𝟏  = 𝒖𝒕 + 𝒂𝒕∆𝑡, 𝒙𝒕+𝟏 = 𝒙𝒕 + 𝒖𝒕∆𝑡, (3.16) 

and angular acceleration α, velocity 𝜔 and displacement θ are given by 

α𝑡 =
𝑀𝑧,𝑡

𝐼
, 𝜔𝑡+1 = 𝜔𝑡 + α𝑡∆𝑡, θt+1  = θ𝑡 + 𝜔𝑡∆𝑡 (3.17) 

The implementation within a UDF is given in APPENDIX A. 

3.2.2 Single body model validation 

The established coupled single body CFD simulation is validated against the reference 

case published by Carling et al. (1998). This publication has been used as a reference 

case by different researchers, such as Kern and Koumoutsakos (2006) using the 

commercial solver Star CCM+ and Bhalla et al. (2013) and Zhang et al. (2018) using 

the immersed boundary solver method. Notably, the work of Carling et al. (1998), 

Kern and Koumoutsakos (2006), Zhang et al. and Bhalla et al. (2018) all show minor 

differences in the used geometry function and actuation function, which may be 

explained by the different solver methods employed. 
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In this work, the numerical setup consists of a swimmer moving through still water by 

means of self-propulsion through a walled virtual tank represented by the CFD 

computational domain. The swimmer is set up according to the geometry function 

described in Zhang et al. (2018) and has a total length of 𝐿 =  0.01 m and the CFD 

domain dimensions are 0.32x2m (HxW). The Reynolds number is equal to 𝑅𝑒 = 52.  

Figure 3.4 shows the 30 𝐿 by 8 𝐿 mesh domain discretised into 35967 triangular cells. 

A time step of ∆𝑡 =  𝑇/250, with 𝑇 being the undulation cycle period, was selected to 

satisfy the Courant–Friedrichs–Lewy (CFL) criteria, defined as the ratio between flow 

speed times fluid velocity over mesh spacing (De Moura and Kubrusly, 2013). The 

CFL number ensures that the scalar information travelling distance over one time step 

is shorter than the smallest mesh distance, which provides feedback on the suitable 

mesh dimension and time step selection. Vertical domain boundaries are defined as 

velocity inlet and pressure outlet and the horizontal boundaries are set with a symmetry 

condition. The inlet velocity is zero. 

 

Figure 3.4 Schematic of the single body validation case CFD domain setup. 

The solution is calculated using the NITA pressure-velocity coupling Fractional Step. 

A least-square-cell-based approach is selected for spatial discretization, and a second-

order upwind scheme for discretization of the diffusive term. A second-order pressure 

interpolation is selected for improved accuracy. 
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   (a)      (b) 

Figure 3.5 Validation against (Zhang et al., 2018) for (a) an instantaneous forward and lateral 

velocity comparison and (b) displacement. 

 

Figure 3.6 Section of the simulation domain showing a z-vorticity contour at T= 9 showing 

the forward displaced swimmer and reversed Karman vortex street in its wake. 

Figure 3.5 (a) shows an overlay between the simulation results and the results of the 

instantaneous velocities published by Zhang et al. (2018).The simulation results 

achieve overall good agreement with the reference cases in terms of the predicted 

horizontal and vertical velocity. Comparison of the centre of gravity displacement, in 

Figure 3.5 (b), exhibits an overall good agreement between the simulation and the 

reference case. While an exact match is given up to 𝑥/𝐿 = −4  before diverging 

slightly from the reference trajectory.  

Figure 3.6 plots the Z-vorticity, clearly showing the displaced swimmer and the 

reversed Karman vortex street in the swimmer’s wake. 
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3.2.3 Multi-body model 

The single body model does not capture any of the internal dynamics relating to muscle 

actuation in real fish or the joint and motor actuation of engineered systems. In the 

following, a more detailed approach to modelling a bio-inspired swimmer is presented 

that was first published by Porez et al. (2014) and later adopted into a CFD 

environment by (Hu, 2016) and further developed by (Li et al., 2018). Note, it is 

possible to apply the presented system to a three-dimensional problem; however, due 

to computational expense constrains it is applied in 2D problems throughout this work. 

To highlight the significant computational expense of the conducted CFD simulations, 

the simulation of Section 3.2.2 requires around 6-7 hours simulation time. Expanding 

this simulation into three-dimensional space significantly increases the number of 

mesh cells and dynamics equations, which would result in significant more simulation 

time of several days to potentially weeks. 

The multi-body actuated robotic structure consisting of n+1 elements and n rotating 

joints are modelled in the Newton-Euler form, which covers the translational and 

rotational dynamics of a connected multi-body structure. The presented algorithm can 

accommodate serial and tree-like structures, but sole focus is placed on serial 

structures in this document. Figure 3.7 shows a process diagram of the recursive 

algorithm, which is explained in detail in the following. 

 

Figure 3.7 Flow chart of the multi-body algorithm 
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As shown in Figure 3.8, the multi-body arrangement consists of a fixed global 

coordinate system 𝑂𝑒 (𝑋𝑒, 𝑌𝑒) and 𝑛 local coordinate systems ℱ(𝑂, 𝑎, 𝑠, 𝑛), with the 

2D base plane formed by ℱ(𝑂, 𝑎, 𝑠). By convention, the local frames are in front of 

each element at half distance between the body elements at mid height. In the case of 

a continuous body, the local coordinate systems are placed on the front boundary of 

the body element. The local frames are numbered starting from the first body 𝐵0 with 

frame ℱ0 that acts as the overall reference of the moving structure with respect to the 

global frame. The current frame is indicated by the upper left index of the variable and 

the acting body of the variable in the lower right index. In the case where they coincide, 

the upper left one is omitted. The currently viewed frame is denoted as 𝑗, with 𝑗 − 1 =

𝑖 and 𝑗 + 1 = 𝑘 being the ascending and descending bodies respectively. The global 

coordinate frame is denoted by index  𝑒 . (Example: 𝒖𝑗⬚
𝑒  is the velocity of body j 

projected in the global frame, 𝒖𝑗 is the velocity body j projected in the local frame, 

𝒖𝑗⬚
𝑖  is the velocity body j projected in the ascending frame). 

 

(a) 

 

(b) 

Figure 3.8 Relation between global, local and reference coordinate systems and the relative 

rotation between joints of (a) discrete and (b) continuous multi-body system 
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Transformation between global and local or neighbouring local coordinate systems is 

given by the relation in Equation (3.18). The 4x4 matrix 𝑻𝑗⬚
𝑒  of a three-dimensional 

Euclidean space  ℝ3 is a homogenous transformation matrix consisting of the 

orientation matrix 𝑹 and position vector 𝑷. The presented equation translates body 𝑗 

from the local coordinate system 𝑖 to the global coordinate system 

𝑻𝑗 
𝑒 = 𝑻𝒊 

𝑒 𝑻𝑗(𝑟𝑗) 
𝑖 = 𝑇𝑖 

𝑒 ( 𝑹𝑗 
𝑖 (𝑟𝑗) 𝑷𝑗 

𝑖

0 1
). (3.18) 

The orientation matrix 𝑹  is composed of a rotation (𝑟𝑜𝑡(𝑛, 𝑟𝑗))  and a translation 

(𝑡𝑟𝑎𝑛𝑠(𝑠, 𝑙)) with reference to axis 𝑠 and 𝑎. 

𝑻 
𝑖

𝑗 = 𝑡𝑟𝑎𝑛𝑠(𝑠, 𝑙)𝑟𝑜𝑡(𝑛, 𝑟𝑗) = ( 𝑹 
𝑖

𝑗(𝑟𝑗) 𝑷 
𝑖

𝑗

0 1
). (3.19) 

The 6x6 adjoint map operator, given in Equation (3.20), is used to transform inertia, 

force and velocity from body ℱ𝑖  to ℱ𝑗 . It contains the (3x3) skew matrix �̂� of the 

position vector: 

𝑨𝒅𝑗𝑇𝑖
= (

𝑹 
𝑗

𝑖 𝑹 
𝑗

𝑖 �̂� 
𝑖

𝑗
𝑇

0 𝑹 
𝑗

𝑖

 ). (3.20) 

The current state of the system is given by the state vector  𝑿𝑠𝑡𝑎𝑡𝑒 =

( 𝜼0⬚
𝑒 , 𝑷0⬚

𝑒 , 𝑸, �̇�, 𝒓), which describes the state of the reference body including the 

velocity 𝜼0⬚
𝑒 , position 𝑷0⬚

𝑒  and quaternion orientation 𝑸 as well as a vector of all joint 

rotation velocities �̇� and joint rotation angle 𝒓.  

As presented in a flow chart in Figure 3.7 and starting from initial conditions, the state 

vector 𝑿𝑠𝑡𝑎𝑡𝑒 is updated at each time step through three recursions along the element 

structure and a numerical integration at the end. The presented equations apply active 

joint actuation. 

The dynamics equation of the current body 𝑗 in the NE frame is given by 

𝑭𝑗 = 𝓜𝑗�̇�𝑗 + 𝜷𝑗 + 𝑭𝑒𝑥𝑡,𝑗 + ∑ 𝑨𝒅𝑘
𝑇

𝑇𝑗
𝑭𝑘

𝑘

 (3.21) 
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The frame transformation matrix variables ( 𝑹⬚
𝑖

𝑗 , 𝑷⬚
𝑖

𝑗 , 𝑻⬚
𝑒

𝑗 , 𝑨𝒅⬚
𝑖

𝑗𝑇𝑖
), the velocity 

vector (𝒖𝑗), the acceleration term containing only velocity elements (𝝇𝑗), the inertia 

tensor matrix (𝓜𝑗), the inertia force vector (𝜷𝑗) and the external force vector (𝑭𝑒𝑥𝑡,𝑗) 

are updated in the first recursion starting from the reference element 𝐵0 along the 

body. Here, 𝑭𝑒𝑥𝑡,𝑗 is determined through the coupling with the CFD environment. 

The inertia tensor matrix 𝓜𝒋 is calculated by 

𝓜𝒋 = (
𝑴𝒋 −𝑴𝑺𝒋

𝑴𝑺𝒋 𝑰𝒋
), (3.22) 

Where 𝑴𝒋 is the body mass tensor, 𝑴𝑺𝒋 is the tensor of the first inertia moments, and 

tensor of angular inertia 𝑰𝒋. 

The combined inertia tensor 𝓜𝑖
∗  and the cumulated force vector 𝜷𝑖

∗  of two 

neighbouring bodies 𝐵𝑖 and 𝐵𝑗 are calculated using the Equations (3.23) and (3.24). 

𝓜𝑖
∗ = 𝓜𝑗

∗ + 𝑨𝒅𝑖
𝑇

𝑇𝑗
𝓜𝑗

∗𝑨𝒅𝑖𝑇𝑗
, (3.23) 

𝜷𝑖
∗ = (𝜷𝑗 + 𝑭𝑒𝑥𝑡,𝑖) + 𝑨𝒅𝑖

𝑇
𝑇𝑗

(𝓜𝑗
∗(𝑼𝒋�̈�𝑗 + 𝜻𝑗) + 𝜷𝑗

∗. (3.24) 

Here, 𝑼𝑗 is a (6x1) unit vector. The second recursion from the end of each branch back 

to the reference body establishes a combined inertia tensor 𝓜𝑗
∗ and the cumulated 

force vector 𝜷𝑗
∗  of the reference body. Both terms establish an expression for the 

acceleration of the reference body in the local coordinate system of the overall 

structure 

�̇�0 = −(𝓜0
∗ )−1𝜷0

∗ . (3.25) 

The third recursion, starting from the reference body along each branch, calculates the 

required joint torque 
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𝝉𝑗 = 𝑼𝑗(𝓜𝑗
∗�̇�𝑗 +  𝜷𝑗

∗). (3.26) 

Both the external and internal states of the system are stored in the state vector 𝑋𝑠𝑡𝑎𝑡𝑒. 

The external state is defined by its global orientation and position. The internal state 

is given by the joint velocities and angle after the first two recursions 

�̇�𝑠𝑡𝑎𝑡𝑒=( �̇�0⬚
𝑒 , �̇�0⬚

𝑒 , �̇�, �̈�, �̇�) are known. The 4th order Runge-Kutta method is used to 

find the internal and external states of the system at the next time step 𝑡 + ∆𝑡 

𝑿𝑠𝑡𝑎𝑡𝑒|𝑡+1 = 𝑿𝑠𝑡𝑎𝑡𝑒|𝑡

+
Δt

6
(�̇�𝑠𝑡𝑎𝑡𝑒|𝑡

1 + 2 �̇�𝑠𝑡𝑎𝑡𝑒|
𝑡+

Δt
2

2 + 2 �̇�𝑠𝑡𝑎𝑡𝑒|
𝑡+

Δt
2

3

+ �̇�𝑠𝑡𝑎𝑡𝑒|𝑡+Δt
4 ). 

(3.27) 

3.2.4 Multi body algorithm validation 

The presented multi-body CFD simulation setup has been used in different bio-

inspired aquatic swimming simulations in the past (Hu et al., 2021;Li et al., 2018;Hu, 

2016). To provide additional verification of the numerical method, a validation 

simulation was performed in line with the reference case published by Deng et al. 

(2007). Results are compared for predicted pressure and friction drag components of 

an undulating NACA0012 foil at Re = 500. The foil follows a prescribed motion 

according to Equation (3.6) with amplitude envelope 𝐴(𝑠) = 0.2𝑠 and frequency and 

phase distribution represented by the phase speed, in other words, 𝑐𝑝 = 2𝜋𝑓/𝑘, where 

𝑘 = 2𝜋/𝜆 is the wave number, 𝜆 is the wavelength and 𝑓 is the frequency. 

The model is setup up according to the reference case Reynolds number resulting in a 

swimmer length of 𝐿 = 1 𝑚 , inlet velocity of 0.5
𝑚

𝑠
 and kinematic viscosity of 

0.001003
𝑚2

𝑠
. The solver setup corresponds to the single body validation case in that 

the least-square-cell-based approach and the second-order upwind scheme are selected 

for spatial discretisation and discretisation of the diffusive term respectively. Also, a 

second-order pressure interpolation is selected for improved accuracy. 
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Figure 3.9 Schematic of the multi body validation CFD domain setup. 

Figure 3.9 shows the setup CFD domain of size 15 L by 7 L and the swimmer 

positioned vertically centred 5L from the inlet boundary. The domain is discretised 

into 65309 cells and a timestep of ∆𝑡 =  𝑇/1000, with 𝑇 being the time period of one 

undulation. Figure 3.10 shows the comparison for the drag coefficient 𝑐𝐷 as well as 

the pressure and friction drag coefficients. An overall good agreement is achieved. 

Results show an increase in negative drag coefficient, in other words, thrust, for 

increased foil phase speed. The dominant factor is the pressure drag, the friction drag 

is only slightly increased. 

  

(a)      (b) 

Figure 3.10 Predicted results in comparison with data from Deng et al. (2007). (a) total drag 

coefficient. (b) pressure and friction drag coefficients. 



53 

 

3.2.5 CFD FSI model 

The work presented in Section 4.2 and 4.3 applies PID control to a CFD FSI solver 

developed by Dr Luo Yang (2021) that combines an in-house developed CFD code 

with the open source structure Finite Element Analysis (FEA) solver CalculiX 

(Dhondt, 2017) via the coupling library preCICE (Bungartz et al., 2016). The author 

of this work was responsible for control design in full and result analysis in part. A 

schematic of partitioned multi-physics simulations is shown in Figure 3.11.  

 

Figure 3.11 Schematic of coupling between in-house CFD code (Luo, 2021) and open-source 

structure solver CalculiX (Dhondt, 2017) using the coupling library preCICE (Uecker) 

(Uekermann et al., 2017). 

For full details about the mathematical background, validation results and 

implementation, please refer to the PhD thesis by Luo Yang (2021). In the following, 

only a brief description of the methodology is given. The CFD FSI setup makes it 

possible to simulate non-prescribed elastic displacement, which is visible in nature in, 

for example, fish caudal or pectoral fins.  

The two-dimensional simulations consist of a fluid and structure mesh domain 

connected through a common mesh interface. Each domain is governed by separate 

governing equations and is solved independently, yet solutions are communicated 

through a coupling library and convergence is ensured in an iterative process. 

Figure 3.12 shows the general model setup, consisting of a two-dimensional 

quadrilateral cross-section of a truncated caudal fin viewed from the top. It is noted 

that although the considered geometry is two-dimensional previous studies indicated 

that the effect patterns of the stiffness on the propulsion performance are similar both 

in two- and three-dimensional models (Hoar and Randall, 1978).  
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Figure 3.12 Simulation setup schematic showing the top view of the 2D cross section of a 

truncated caudal fin.  

The fin is actuated to follow pitching motion at the leading edge according to Equation 

(3.30). and is allowed to move freely across the geometry including the trailing edge, 

subject to fluid structure interaction. The observed elastic displacement is influenced 

by pitching actuation amplitude and frequency as well as material characteristics such 

as the material density and stiffness. To be able to draw a general conclusion and 

enable the transferability of simulation results, dimensionless parameters governing 

this problem are defined as follows: the reduced frequency 𝑓∗ = 𝑓𝐿 𝑈⁄ ; the mass ratio 

𝑚∗ = 𝜌𝑠ℎ 𝜌𝑓𝐿⁄  with 𝜌𝑠 and 𝜌𝑓 the density of the structure and fluid respectively and 

h is the thickness of the fin; the dimensionless stiffness 𝐾 = 𝐸𝐼 (𝜌𝑠𝑈2𝐿3⁄ )where E is 

Young’s modulus and 𝐼 = ℎ3 12⁄  is the area moment of inertia of the cross section.  

3.3 Control design and strategies for BCF swimmers 

3.3.1 BCF swimming feedback control 

Robotic control describes the management and regulation of movements and actions. 

A robot, such as a bio-inspired robotic fish, relies on control input information to drive 

its actuators to perform tasks such as forward swimming and turning. It is possible to 

draw a general distinction between low level motor control and high-level motion 

control. Bio-inspired robots, including fish robots, mimic synchronised low-level 
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control of multiple actuators. Control commands are sent via remote control or derived 

within embedded autonomous control. 

The most widely applied closed-loop control is the Proportional Integral and 

Derivative (PID) control (Bennett, 1993). The linear control method derives its name 

from dynamically calculating a control variable based on the proportional, integral, 

and derivative of a defined output tracking error signal. The classical PID controller 

was chosen for this work as it provides a robust choice of control, easy integration as 

well as low computation. Figure 3.13 shows a signal diagram of a PID feedback 

controller implemented in front of a CFD simulation. The feedback loop is created by 

feeding back output information of the plant, here represented by the CFD simulation. 

Within a feedback loop, the error signal is defined as the difference between the 

feedback signal and a setpoint. Based on the current error, the PID controller updates 

the control variable to control the system state within the CFD simulation. 

 

Figure 3.13 Signal flow diagram of the implemented feedback loop comprising the setpoint, 

PID controller and CFD simulation. 

To couple a PID controller with a CFD simulated system, it must mirror the time 

discrete structure and be implemented as an additional calculation step at the beginning 

of each solver iteration. The discrete-time recursive PID is given by 

𝑢(𝑡𝑘) = 𝑢(𝑡𝑘−1 ) + ∆𝑢(𝑡𝑘), (3.28) 

∆𝑢(𝑡𝑘) = 𝐾𝑝[𝑒(𝑡𝑘) − 𝑒(𝑡𝑘−1)] + 𝐾𝐼𝑒(𝑡𝑘)

+ 𝐾𝑑[𝑒(𝑡𝑘) − 2𝑒(𝑡𝑘−1) + 𝑒(𝑡𝑘−2)]. 
(3.29) 

Here, 𝐾𝑃, 𝐾𝐼 , 𝐾𝐷  are the PID parameters, 𝑒(𝑡𝑘) is the control error at time 𝑘 . The 

control parameters can be tuned to achieve the expected control response. Control 

parameters are hard to determine for complex systems, for example, for nonlinear, 

highly variable, high-order systems or systems with large uncertainties. For simple 

systems, the control parameters can be tuned using various methods, for example, ad-
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hoc tuning gains are found through trial and error or the “Ziegler Nichols” tuning 

method, a heuristic method based on the system's response to a step input, aiming to 

achieve a desired balance between stability and performance (Ziegler and Nichols, 

1942). Importantly, PID tuning can support the desired system response and ensure 

stability. 

3.3.2 BCF swimming control strategies 

High level motion control targets of a BCF fish robot may include a target position, 

orientation and their respective derivatives, which are achieved by means of low level 

control of the body motion. Synchronised low level control of bio-inspired motion may 

be achieved utilising a Central Pattern Generator (CPG) or a sine based approach 

(Crespi et al., 2008); the latter is applied in this work. Control variables of the sine-

based approach are the amplitude 𝐴(𝑠), offset 𝐶(𝑠) and the arguments of the sine 

function determined by the phase φ(s) and the frequency 𝑓 . Assuming a constant 

swimming gait function 𝐴(𝑠), the thrust and hence the speed may be controlled by 

scaling the amplitude magnitude by the factor 𝑐𝑎 ∈ [0,1]. The heading direction can 

be changed by scaling a curvature envelope 𝐶(𝑠) by the factor 𝑐𝑠 ∈ [−1,1]. A similar 

approach has been adopted by Martens et al. (2017). Adding the two scaling factors, 

the new input equation becomes 

𝑦(𝑠, 𝑡) = 𝑐𝑎𝐴(𝑠) sin (2𝜋 (−𝑓𝑡 + φ(s))) + c𝑠C(s). (3.30) 

Direct changes to the control variables 𝑐𝑎and 𝑐𝑠 lead to unintended chaotic motion. In 

particular, changes to the sine arguments lead to an unsmooth transition when 

exceeding a change greater than 𝜋. To avoid dramatic changes and unintended chaotic 

motion, a cosine-based transition function is applied that provides smooth transitions 

over one oscillation period ∆𝑡𝑙 = 𝑇 =
1

𝑓
 between different levels of 𝑐𝑎  and 𝑐𝑠 . Let 

𝑐𝑐𝑜𝑛𝑡𝑟𝑜𝑙 represent either 𝑐𝑎 or 𝑐𝑠 

𝑐control(𝑡𝑙) = 𝑐(𝑡𝑙−1) −
𝑐(𝑡𝑙−1) − 𝑐(𝑡𝑙)

2
∙ (1 − 𝑐𝑜𝑠(𝜋 ∙ 𝑡0,1)), (3.31) 
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where 𝑐(𝑡𝑙−1) and 𝑐(𝑡𝑙) are samples of the control variable at the beginning of the 

previous transition period and at the beginning of the current transition period 

respectively. The time variable 𝑡0,1 increments equal to the general time step but resets 

to 0 when reaching 1.  

There are three individual time steps. Firstly, the numerical simulation time step 

denoted as  ∆𝑡𝑠 =𝑡𝑠+1 − 𝑡𝑠 . Secondly, the controller sample time ∆𝑡𝑘 = 𝑡𝑘 − 𝑡𝑘−1 . 

Thirdly, the controller update interval at  ∆tl = T =
1

𝑓
. Their values are defined so 

that ∆ts ≤ ∆tk < ∆tl. 

  

(a)      (b) 

Figure 3.14 (a) angular displacement and (b) corresponding 𝑐𝑐𝑜𝑛𝑡𝑟𝑜𝑙 function of 𝑐𝑎 and 𝑐𝑠. 

The curve in Figure 3.14 represents an example of the yaw displacement of a robotic 

joint. The figure shows a smooth transition for different levels of the amplitude 

coefficient 𝑐𝑎 and the offset coefficient 𝑐𝑠. 

Equation (3.30) does not require a global reference to produce motion; hence, it can 

be considered an open loop, where 𝑐𝑎 and 𝑐𝑠 are control inputs, because the control 

inputs are set without taking the systems current state into account. A PID controller 

enables setpoint tracking to calculate control inputs 𝑐𝑎 and 𝑐𝑠 to achieve, for example, 

a specified swimming speed and direction.  

As can be seen in Figure 3.13, the PID controller calculates the control action based 

on the reference tracking error. By changing the definition of the error and setpoint it 

is possible to achieve different control targets. Generally, to compensate for periodicity 
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of the body undulation, the control error is averaged across all sampled values over 

one undulation cycle given by 

𝑒(𝑡𝑛) = 𝑓 ∑ 𝑒(𝑡𝑘)

𝑛

𝑘=1

∆𝑡𝑘. (3.32) 

Here, variables k and n describe the sample number from the first to the last sample 

within one undulation cycle period. In the following, three control scenarios are 

introduced with the aim of reducing the defined tracking error to zero. These control 

scenarios are applied in Section 4. 

3.3.2.1 Scenario 1: velocity and thrust controller 

Scenario 1 considers the scaling of the undulation amplitude by calculating the control 

variable 𝑐𝑎  to adjust the generated thrust within calm water and against incoming 

velocity. For swimming in calm water, the control error may be defined as the 

difference between the current swimming velocity 𝒖(𝒕) and the desired velocity 𝒖𝑠𝑒𝑡 

𝑒(𝑡) = 𝒖𝑠𝑒𝑡 − 𝒖(𝑡). (3.33) 

 

Figure 3.15 Control logic schematic of swimming velocity control. 

Alternatively, when the swimmer is subject to incoming fluid flow it is possible to 

achieve a quasi-steady state swimming velocity by equalling the mean thrust and drag 

forces. Therefore, the scaling factor may be calculated by the PID controller by setting 

the control error to be the balance of thrust and drag force, also represented by the 

thrust coefficient.  

𝑒(𝑡) = 𝑐𝑇,𝑠𝑒𝑡 − 𝑐𝑇(𝑡) (3.34) 
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Figure 3.16 Control logic schematic of thrust coefficient equilibrium control. 

3.3.2.2 Scenario 2: waypoint tracking 

Body curvature is a mechanism of BCF manoeuvring. The second scenario considers 

the heading control and, therefore, the scaling of body curvature by calculating the 

control variable 𝑐𝑠. 2D waypoint tracking control is achieved by defining the control 

error 𝑒(𝑡)  as the difference between the current heading angle ψ and the desired 

heading angle 𝜓𝑤𝑝, expressed as 

𝑒(𝑡) = 𝜓𝑤𝑝  − 𝜓(𝑡). (3.35) 

In the case of the multi-body system, the desired angle towards the waypoint is 

calculated from the global coordinates of the local frames 𝐵0 ( 𝑥ℱ0
, 𝑦ℱ0

)  and 

𝐵1(𝑥ℱ1
, 𝑦ℱ1

) and the waypoint coordinates (𝑥𝑤𝑝, 𝑦𝑤𝑝), expressed as 

𝜓𝑤𝑝 (t) =  𝑎𝑡𝑎𝑛 (
𝑦ℱ0

(t) − 𝑦𝑤𝑝

𝑥ℱ0
(t) − 𝑥𝑤𝑝

), (3.36) 

and the heading of the fish 𝜃(𝑡) is calculated by 

𝜓(t) =  𝑎𝑡𝑎𝑛 (
𝑦ℱ1

(t) − 𝑦ℱ0
(𝑡)

𝑥ℱ1
(t) − 𝑥ℱ0

(𝑡)
). (3.37) 
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Figure 3.17 Schematic of waypoint tracking manoeuvring control. 

3.3.2.3 Scenario 3: waypoint station holding within fluid stream 

Scenario 3 considers approaching and station holding at a defined target position 

located in front of the swimmer facing incoming flow. It is possible to achieve two 

combined control targets of swimming towards and holding station at a target position 

by defining a single control error and calculating the amplitude scaling variable 𝑐𝑎. 

Firstly, the control, similar to Scenario 1, is defined as the difference between the 

swimming velocity and a target velocity 

𝑒(𝑡, 𝑥𝑡𝑑(𝑡)) = 𝑢𝑠𝑒𝑡(𝑥𝑡𝑑(𝑡)) − 𝑢(𝑡). (3.38) 

Further, the target velocity is defined dynamically based on the swimmer’s distance to 

the target position, so that  

𝑢𝑠𝑒𝑡(𝑥𝑡𝑑(𝑡)) = −
𝑥𝑡𝑑  (𝑡)

𝑇𝑠𝑒𝑡
, (3.39) 

where 𝑥𝑡𝑑(𝑡) = 𝑥𝑡𝑎𝑟𝑔𝑒𝑡 − 𝑥(𝑡) defines the distance between the swimmer’s position 

and the target position, while 𝑇𝑠𝑒𝑡 denotes a time constant that makes it possible to 

tune the magnitude of 𝑢𝑠𝑒𝑡. 
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Figure 3.18 Schematic of swimming control to approach and hold a target position within 

incoming flow. 

Figure 3.18 depicts the control error logic in which the target velocity of the swimmer 

is coupled to its relative position to the target. Starting from the initial position, the 

control error is reduced by the swimmer approaching the target position. By definition 

of the control error, the reference velocity reduces as the swimmer approaches the 

target, leading to a high acceleration at the start and a low velocity approach towards 

the target position. At the target position the swimmer achieves force equilibrium, in 

other words, it is balancing the drag of the incoming flow and the thrust generated 

from the pitching motion. 

3.4 Conclusion on numerical modelling and control of BCF 

swimmer 

To accurately model and predict the dynamics and fluid structure interaction of bio-

inspired underwater robots or fish is a complex and challenging task. This work 

chooses to apply a numerical methodology because of its high detail, accuracy and 

information density to allow for detailed flow and control analysis. 

This chapter starts with a general introduction of Computational Fluid Dynamics and 

the fluid governing equations. Next, key aspects important to the numerical 
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investigations in Section 4 are introduced, such as mesh generation and mesh quality 

as well as solver schemes and User Defined Function structure and coupling. 

A single and multi-body algorithm to model the internal and external dynamics of an 

underwater swimmer are introduced in detail and reference is given to a CFD-FSI 

model. 

A key novelty of this work is the integration of a control algorithm within CFD 

simulations to enable the modelling of unsteady swimming scenarios. Section 3.3.2 

provides a general introduction to linear feedback control and its application in the 

control of Body Caudal Fin fish. Three control strategies for different swimming 

scenarios are derived by definition of the feedback control error. 

Chapter 4  Numerical investigations 

In the following, the control strategies derived in Section 3.3.2 are applied in three 

different investigations. Work presented in Sections 4.1, 4.2 and 4.3 have been 

published in (Wright et al., 2023b), (Wright et al., 2020b) and (Luo et al., 2021) 

respectively. 

4.1 Velocity and heading feedback control for a combined 

hydrodynamic and control study of optimal BCF 

manoeuvring. 

4.1.1 Problem description 

A BCF swimmer accelerates against surrounding fluid in a periodic motion by means 

of lateral undulation. Straight swimming or cruising is achieved through lateral force 

symmetry over one undulation cycle. By curving the body asymmetrically, the force 

imbalance results in a turning moment acting on the swimmer. BCF swimmers move 

their anterior body (head) and posterior body (peduncle and caudal fin) independently 

during turning manoeuvres (Weihs, 1972). The turning moment may be a combination 

of a posterior reactive force on the tail fin, an anterior lift force as well as a reduced 

drag force by aligning towards the new swimming direction. 
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The curving of the central body line is a key mechanism of moment change in BCF 

manoeuvring (Gray, 1933). To understand BCF swimmer manoeuvring, the turning 

performance of BCF locomotion is investigated with different curvature envelopes. 

Here, a curvature envelope describes the curvature distribution along the central line. 

To investigate the self-propelled turning performance at different Reynolds numbers 

and curvature envelopes, the scenario in Figure 4.1 is selected. Two linear feedback 

controllers are used to reach the required speed and maintain straight-line swimming 

until the prescribed curvature is applied. From rest, the swimmer accelerates by means 

of undulation motion to reach a predetermined swimming speed corresponding to a 

desired Reynolds number. When this forward velocity is reached, the body curves 

following a prescribed curvature envelope. The investigation does not consider any 

behavioural factors and assumes that all body motions are focused on benefiting 

turning performance. 

 

 

Figure 4.1 Simulation setup for swimmer to accelerate to achieve a desired condition 

(defined horizontal velocity) before initiating a prescribed turning manoeuvre. (Wright et al., 

2023b). 

In this work a coupled CFD multi-body simulation environment (Hu, 2016;Li et al., 

2018) has been applied. The commercial CFD software package Ansys Fluent 22.1 is 

coupled with a multi-body dynamics algorithm utilising an in-house developed UDF. 

This method solves the internal and external dynamics of a multi-body system in a 

CFD environment at each time step through three recursions and one numerical 

integration. A linear feedback control algorithm completes the simulation setup. A 

detailed description of the CFD tool and validation results are given in Section 3.2.4 

and in literature (Hu, 2016;Li et al., 2018). 
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A simplified fish geometry is considered as a multi-body system in the shape of a 2D 

NACA0012 foil comprising body segments connected via actuated links along the 

central line that resemble muscle actuation. The NACA0012 geometry is separated 

into 10 equal cord length body segments with 9 joints in between.  

 

Figure 4.2 Simplified fish geometry modelled as a 2D NACA0012. (Wright et al., 2023b). 

The local coordinate system 𝐵0  is the starting point of the recursive loop. The 

undulation of the body is achieved through rotational motions around the joints 

(including a sinusoidal motion for undulation and an offset to curve the body with 

respect to the central line) shown in Figure 4.2. The length of the individual segments 

𝑙𝑖 is evenly distributed and fixed, resulting in a central line length of 𝐿 = 0.1 𝑚.  

The rotational motion of a segment around its front linkage at location s is given by 

Equation (3.30). The amplitude envelope 𝐴(𝑠) and wavelength 𝜑(𝑠) are defined by 

𝐴(𝑠) = 𝑐1

(𝑠
𝐿⁄ + 𝑐2)

𝑐3
, (4.1) 

𝜑(𝑠) = 2𝜋
 𝑠

𝐿
, (4.2) 

with 𝑐1, 𝑐2, 𝑐3  being kinematic coefficients. The offset term 𝐶(𝑠)  is introduced to 

achieve the turning manoeuvre. The present study includes two curvature envelopes. 

Firstly, a constant curvature envelope (equal offset at all joints) is described by 

𝐶(𝑠) = 0.15 c4, (4.3) 

where 𝑐4 is a magnitude coefficient. Secondly, a linear curvature envelope from the 

leading to the trailing edge is described by 
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𝐶(𝑠) = 0.15 𝑐5

𝑠

𝐿
+ 𝑐6, (4.4) 

where coefficients 𝑐5 and 𝑐6 define the slope and offset of the linear envelope. The 

total curvature of the swimmer is defined as the sum of the time independent joint 

displacement �̅� of all joints 𝐶(𝑠) over the swimmer length 

𝜅 = ∑ �̅�

9

𝑖=0

 /𝑙𝑖. (4.5) 

Table 4-1 and Table 4-2 summarise the total curvature and coefficient values used in 

an investigation into curvature magnitude and comparison of envelopes respectively. 

The coefficients 𝑐5 and 𝑐6 are chosen for linearly increasing and decreasing envelopes 

to observe performance differences of predominant head or tail curvings. 

Table 4-1 Summary of coefficients used in a constant envelope. 

Total curvature 𝜅 

 [rad/m] 
2.7 5.4 8.1 10.8 4.6 

𝑐4 0.2 0.4 0.6 0.8 1.0 

 

Table 4-2 Summary of coefficients used in constant and linear curvature envelopes with the 

total curvature remaining constant. 

Total curvature 

𝜅 

[rad/m] 

Constant 

envelope 

[-] 

Head turning envelope 

(𝑙𝑖𝑛𝑑) 

[-] 

Tail turning envelope 

(𝑙𝑖𝑛𝑢) 

[-] 

8.1  𝑐4 = 0.6 𝑐5 = −1 𝑐6 = 1.1 𝑐5 = 1 𝑐6 = 0.1 

In this study a modified Cost of Travel function for turning is proposed. This is denoted 

as Cost of Manoeuvring (CoM) and is defined as the ratio of undulation cycle-averaged 

input power 𝑃𝑖𝑛
̅̅ ̅̅ ̅ to the global angular velocity 

𝐶𝑜𝑀 =
𝑃𝑖𝑛
̅̅ ̅̅

ωglobal
=

𝑃𝑖𝑛
̅̅ ̅̅

U𝑠,⟂

𝑟𝑡

. 
(4.7) 

The average input power is calculated as the sum of all joints’ cycle-averaged power 

(defined as the product of cycle-averaged torque and angular velocity): 
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𝑃𝑖𝑛
̅̅ ̅̅ = ∑ 𝜏�̅� ∙ �̇��̅�

9

𝑗=1

. (4.8) 

The turning radius is calculated within a MATLAB function developed by Mjaavatten 

(2021). To filter out the curvature of the instantaneous undulation trajectory, the 

curvature is calculated using points of the cycle-averaged trajectory sampled at an 

interval of one undulation cycle period T.  

4.1.2 Simulation setup 

As shown in Figure 4.3, the size of the computational domain is 25𝐿 by 8𝐿, in which 

the leading edge of the swimmer is originally located at a point 5𝐿 by 4𝐿 from the 

bottom right corner. Here, 𝐿 = 0.1 𝑚 is the fish body length. The unstructured CFD  

 

Figure 4.3 CFD computational domain setup and boundary conditions. 

(Wright et al., 2023b). 

mesh sizing is ∆𝑥𝑦=
10

3333
𝐿 at the swimmer boundary and increases to ∆𝑥𝑦=

10

33
𝐿 in the 

far field. The time step is set to ∆𝑡𝑠 = 𝑇/250, where T is the undulating period. 

Coefficients of the amplitude envelope are chosen to follow an anguilliform pattern 

described in (Kern and Koumoutsakos, 2006) with coefficients 𝑐1 = 0.125, 𝑐2 =

0.0315, 𝑐3 = 1.03125 . Initial control coefficients are chosen as  𝑐𝑎(𝑡𝑠 = 0) = 0 , 

𝑐𝑎(𝑡𝑠 = 1) = 0.1  and 𝑐𝑠 = 0.0  for  𝑡𝑠 < 2𝑇 . The maximum offset value is set as 

𝑐𝑠,𝑚𝑎𝑥 = 0.2. The velocity inlet condition is set to zero so that the swimmer starts in 

still water. 
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This study applies a velocity controller as described in Section 3.3.2.1, and 𝒖𝑠𝑒𝑡 is 

defined based on the desired Reynolds numbers to be 𝒖𝑠𝑒𝑡= 0.02, 0.015 and 0.01 𝑚/𝑠 

for Re = 2000, 1500 and 1000 respectively. The second PID controller adjusted the 

curvature magnitude by calculating the control coefficient 𝑐𝑆  based on the error 

between the current and desired heading angle. The control action is limited to −0.2 ≤

𝑐𝑠 ≤ 0.2. Both speed and steering controllers are tuned to achieve a damped response, 

in other words, control gains (𝐾𝑃, 𝐾𝐼 , 𝐾𝐷) are chosen by trial and error to achieve a 

fast-converging system response without significant overshoot. Initial control gains 

are found in Maertens et al. (2017). The tuned control gains implemented for speed 

and steering respectively are as follows: 𝐾𝑃 = 5 , 𝐾𝐼 = 5, 𝐾𝐷 = 55  and 𝐾𝑃 =

0.03, 𝐾𝐼 = 0, 𝐾𝐷 = 0.1.  

4.1.3 Results and discussions 

4.1.3.1 Effect of added body curvature and quasi-steady turning state 

Undulatory swimming shows a characteristic periodicity stemming from vortex 

shedding during the peaks and troughs of the body motion. Straight-line swimming at 

a constant cycle-averaged speed is described as the quasi-steady state at which body 

forces are in balance over one undulation cycle. To initiate turning, force symmetry is 

broken by curving the body’s central line. Changes in the position of the centre of 

mass, moment of inertia and resulting biased cycle-averaged loads lead to a net 

moment and subsequent angular acceleration. Figure 4.4 plots the yaw moment of an 

accelerating and turning swimmer according to the setup in Figure 4.1 for Re=2000 

and a constant curvature. Three distinct periods are visible, in other words, a transition 

period from a static state to a quasi-steady state (t=0 to 25 seconds), a transition period 

during which the central line curves into an equally distributed curvature of κ=8.1 

rad/m at (t= 25 to 27 seconds) and, finally, a period of quasi-steady turning state (t = 

27 to 35 seconds).  



68 

 

  

Figure 4.4 Instantaneous moment and cycle-averaged moment showing the three transition 

states. Re=2000. (Wright et al., 2023b). 

The vorticity contour of each period is shown in Figure 4.5. Beginning at the quasi-

steady state, the reverse Karman vortex street remains horizontal and periodically 

symmetric. During the transition stage the body curves and changes the heading 

direction. Meanwhile, vortices are shed at a non-zero angle. In the third stage, the re-

oriented swimmer continues undulation around the curved central line and reaches the 

quasi-steady turning state. It is found that the time-averaged angular velocity appears 

to be zero during straight swimming (𝑡 < 25 s). After that the swimmer maintains a 

time-averaged angular velocity of 0.2 rad/s. Interestingly, for the selected parameters 

turning has only a negligible effect on the heading directed velocity, in other words, 

despite the change in heading direction the swimmer maintains a close to constant 

speed in the heading direction. 

 

Figure 4.5 Vorticity contour of the constant envelope; left: quasi-steady state at t=25s, 

middle: transition state at t=26.4s and right: quasi-steady turning state at t=34.4s. Re=2000. 

(Wright et al., 2023b). 
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The input power to fulfil the undulation motion reflects the effort of the swimmer to 

accelerate against the surrounding fluid. As shown in Figure 4.6 during the initial 

acceleration, the longitudinal force peak coincides with an input power peak at around 

t=7 seconds. Here, the longitudinal force and power peak also correspond to the 

acceleration peak. From there onwards, the swimmer continues to accelerate to the 

targeted velocity but at a decreasing rate. At the quasi-steady turning state at 

approximately t=27 seconds, the cycle-averaged power converges to a stable value 

close to zero. The power expenditure during quasi-steady state straight-line swimming 

and turning are close to each other, which suggests that the extra effort required for 

turning after it is initiated is insignificant. 

  

Figure 4.6 Cycle-averaged drag force and power expenditure for a constant envelope. 

Re=2000. (Wright et al., 2023b). 

Observations of the above three states are consistent across different curvature 

magnitudes and investigated Reynolds numbers (Re = 1000, 1500 and 2000). A linear 

increase in magnitude of the constant curvature envelope results in a close to linear 

increase in power expenditure. The resulting turning angle decreases with increased 

curvature yet flattens out at the end, as shown in Figure 4.7. This results in a decreasing 

CoM for increased curvature. A similar pattern is observed for all Reynolds numbers 

where the radius is the dominant variable in the CoM calculation due to its reduction 

at an increased curvature. 
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(a)      (b) 

Figure 4.7 (a) Turning radius and power input for an increasing curvature at Re=2000 (b) 

Cost of Manoeuvring for increasing curvature. Re=1000, 1500 and 2000. (Wright et al., 

2023b). 

4.1.3.2 Comparison of curvature envelopes 

Fish turn both their head and bend their tail in a turning manoeuvre (Weihs, 1972). In 

the following, the contribution of head and tail movement towards turning by 

comparing three curvature envelopes with the same total curvature is investigated. The 

three selected envelopes are: a constant envelope (equal offset across all joints), a 

linearly increasing envelope denoted as 𝑙𝑖𝑛𝑢 (predominantly tail curved) and a linearly 

decreasing envelope denoted as 𝑙𝑖𝑛𝑑  (predominantly head curved). The kinematic 

parameters of these cases are shown in Table 4-2. The Reynolds number in this part of 

the investigation is fixed at 2000. 

Shown in Figure 4.8, the cycle-averaged drag shows two distinguishable phases during 

the turning transition period. These are highlighted as Phase I and Phase II. Following 

general observations, negative drag forces correspond to swimming velocity 

acceleration, and positive drag forces correspond to swimming velocity deceleration 

in the heading direction. Therefore, Phase I may be associated with the initial body 

curving against the longitudinal moving flow, leading to an increase in drag forces and 

subsequently to deceleration. Likewise, Phase II may be associated with the first full 

sweep with a curved centre line, increasing the thrust and thus acceleration. 
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(a)      (b) 

Figure 4.8 (a) Time histories of the drag force with different curvature envelopes. 

(b) Trajectories of a constant envelope, linear envelopes and averaged linear envelopes. 

(Wright et al., 2023b). 

When comparing the constant envelope with the average of both linear envelopes, the 

curves show close agreement (see Figure 4.8). This leads to the conclusion that the 

constant envelope can be segregated into head and tail contributions. According to 

Figure 4.8 (b), the predominantly tail turning envelope achieves a sharper turn with a 

smaller turning radius. This, together with the close match between the constant 

envelope and averaged linear envelopes, suggests that the head turning has a negative 

effect on the turning performance.  

A comparison of the heading angle and the passing fluid velocity angle may provide 

an explanation. As shown in Figure 4.9 in the predominantly tail curving envelope the 

heading angle leads the fluid angle (that is the relative angle of attack of the flow). In 

contrast, for the predominantly head curving envelope, after an initial peak, the 

heading angle is behind the fluid angle. For the constant envelope, the two angles are 

closely aligned, with the heading angle slightly leading the fluid velocity angle.  
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(a) 

 

(b) 

 

(c) 

Figure 4.9 Instantaneous and cycle-averaged heading and incoming flow velocity angles for 

(a) tail turning (b) head turning (c) constant envelope. (Wright et al., 2023b). 

A leading heading angle may positively influence turning performance in that it 

provides additional moment for the rotation and reduces the counter rotation moment. 

Figure 4.10 highlights the described mechanism. A strong tail sweep may provide 

sufficient moment and energy to turn the swimmer in front of the passing fluid stream, 

providing additional pressure force to create a moment in the turning direction. 
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Meanwhile, as the tail now sweeps in the opposite direction, the fluid force on the head 

may provide a dampening effect that reduces the counter turning moment. Evidence 

of this can be seen in the reduced counter turning moment amplitude between the head 

and tail curving curves in Figure 4.11. On the other hand, a curved head may negatively 

influence turning performance in that it does not create sufficient moment to turn the 

swimmer in front of the fluid stream. Additionally, the reactive force acting on the fish 

during curving of the head leads to a counter turning moment, and as a result, reduces 

the positive turning effect of the tail curvature. Further, a curved head may provide 

less resistance during counter turning undulation. 

 

Figure 4.10 Schematic showing heading angle effect on moment during undulation 

amplitudes. (Wright et al., 2023b). 

  

Figure 4.11 Time histories of the moments with a constant envelope, linear envelopes and 

averaged linear envelopes. (Wright et al., 2023b). 

The negative contribution of head turning on the turning performance is also visible in 

the cycle-averaged power curve in Figure 4.12.  
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Figure 4.12 Time histories of the cycle-averaged power of a constant envelope, linear 

envelopes and averaged linear envelopes. (Wright et al., 2023b). 

4.1.4 Conclusion on velocity and heading feedback control for 

combined hydrodynamic and control study of optimal BCF 

manoeuvring 

High manoeuvrability is one of the main desired improvements of a bio-inspired 

design. Multi-actuated body flexibility enables agile and efficient direction change to 

adapt and operate in complex environments. After identifying a gap in the knowledge 

of unsteady manoeuvring and optimal turning of BCF swimmers, a numerical study is 

conducted with the focus on the unsteady swimming performance of a BCF swimmer 

during turning. A controllable, self-propelled simulation of a BCF swimmer that 

performs a turning manoeuvre at an intended forward velocity and different body 

curvature envelopes is created by adding a linear feedback control algorithm to a CFD 

multi-body tool. By modelling the simplified fish geometry as a multi-body system, 

information is gained of joint torque resembling a bio-inspired robotic system so that 

it is possible to find measures to improve the controllability and turning performance.  

Results show the swimmer reaching a quasi-steady turning state similar to the quasi-

steady state during rectilinear swimming. The swimmer switches from a rectilinear 

trajectory to a curved trajectory of stable, periodically repeating state of turning 

through a transition stage, during which body curvature is added. For a constant 

envelope, it is shown that the turning radius is related to the magnitude of body 
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curvature. With increased curvature, the power expenditure increases linearly, while 

the turning radius decreases but eventually flattens out. 

To identify the contributions of head and tail curvatures on the turning performance, 

predominantly head curved, predominantly tail curved and constantly distributed 

curvature envelopes are compared. The investigation revealed a symmetry between 

the head-dominated and tail-dominated envelopes so that the averaged results show 

close agreement with the constant envelope in terms of force and trajectory. This leads 

to the conclusion of distinguishable contributions of head and tail curvature on the 

performance. Further, simulation results show the overall superior turning 

performance of the predominantly tail curved envelope, highlighting the negative 

effect of head turning. This leads to finding control parameters that enable smaller 

turning radii at lower power expenditure. Unlike most of the existing research, the 

present study considers a more biologically realistic scenario by considering a variable 

body curvature. Therefore, the findings may be useful for the design of bio-inspired 

underwater robots with regards to manoeuvrability and stability purposes.  

This work proposes a new quantitative measure of turning performance, the Cost of 

Manoeuvring. The CoM provides a combined assessment of power, turning radius and 

speed. Simulations show that the CoM is improved in larger body curvature, with a 

reduced radius as the dominant factor. While the power increases linearly, the radius 

decreases linearly before it flattens out. Among the three curvature envelopes that are 

examined, the predominantly tail curving envelope achieves the smallest turning 

radius and best power performance and, as a consequence, the best CoM.  

4.2 Feedback controlled pitching amplitude for assessment of 

thrust performance of a flexible plate 

4.2.1 Problem description 

Fish following BCF locomotion propel by accelerating the surrounding fluid in the 

opposite wave direction. This fluid is accelerating due to the pressure differences along 

the deforming body in addition to reactive forces at the trailing edge of the swimmer 

as a component of vortex shedding. The body deformation of a robotic swimmer is 
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induced by active motor control, which can be optimised to increase efficiency. In 

search of higher thrust efficiency, observations of natural swimmers suggest including 

a passive deforming body section at the tail in the form of a flexible caudal fin. The 

deformation of the fin is influenced by the forced motion at the leading edge together 

with the shape and rigidity of the fin interacting with the surrounding fluid domain. 

The simulation applies the CFD FSI methodology introduced in section 3.3. 

The analysis compares a matrix of the frequency and stiffness parameters as shown in 

Table 4-3, to gain insight into the hydrodynamic performance of different material 

rigidities as well as how they operate at different frequencies. The testing matrix 

consists of three materials, each simulated at five frequencies. Both changes in 

frequency and rigidity of the plate will lead to a different response. 

4.2.2 Simulation setup 

All cases share the same simulation setup, except for variations to the actuation 

frequency and plate rigidity. The mesh domain, measuring 0.8 m in height by 2.1 m in 

width, has the fin positioned horizontally with the leading-edge positioned at vertical 

centre and 0.5m from the left boundary, as depicted in Figure 4.13 (a). The left and 

right boundaries are assigned with corresponding inlet and outlet conditions. Both 

horizontal boundaries are assigned a far-field condition. The generated mesh contains 

57424 cells and the minimum grid spacing is 1.67 × 10−3 𝐿 . Refinement is set 

towards the fin boundary to ensure correct calculation and capture of all physical 

effects, as depicted in Figure 4.13 (b). A mesh independency study is published in 

(Luo et al., 2020). The time step for each case is 𝑡𝑠  =  𝑇/100. 

The simulated geometry cross-section is inspired by the experimental investigation 

conducted by Paraz et al. (2014). To match the experimental setup, the chosen 

Reynolds number 6000 is equal for all cases but is assumed to be of laminar flow; the 

mass ratio is 𝑚∗ = 0.04. 
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(a)      (b) 

Figure 4.13 (a) Domain setup and (b) mesh refinement. (Wright et al., 2020b). 

For this investigation, the rigidity of the material is of uniform distribution, which 

reflects the targeted accessible adaptive manufacturing method. Three materials 

characterised by dimensionless stiffness are considered, 𝐾 = 10, 𝐾 = 1.04 and 𝐾 =

0.25. These correspond to a highly rigid material, a material of medium rigidity and a 

soft material. These will be called hard, medium and soft in the following.  

Table 4-3 Overview of simulated cases varying nondimensional material stiffnesses and 

frequencies. 

 𝑓∗ = 0.75 𝑓∗ = 1 𝑓∗ = 1.5 𝑓∗ = 2 𝑓∗ = 2.5 

Hard 𝐾 = 10 Case 1 Case 2 Case 3 Case 4 Case 5 

Medium 𝐾 = 1.04 Case 6 Case 7 Case 8 Case 9 Case 10 

Soft 𝐾 = 0.25 Case 11 Case 12 Case 13 Case 14 Case 15 

For all, the Poisson's ratio is 0.35. For each material, the performance is assessed at 5 

frequencies. Table 4-3 provides an overview of all simulated cases. When setting up 

the simulation, it is important to ensure the different cases are compared under 

comparable conditions. To achieve this, all simulated fins are targeted to reach quasi-

steady state, in other words, generate thrust force to balance the drag force at a constant 

incoming velocity. Due to the characteristics of each case, the thrust generation varies; 

hence, a desired pitch amplitude to achieve a quasi-steady state must be obtained. This 

is achieved by implementing feedback control of pitch amplitude to balance the cycle-

averaged drag and thrust and, as a consequence, the average force component in the 

velocity direction converges to zero. 
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The sampling time is equal to the CFD time step. The tracking error is the difference 

between the fed back time-averaged thrust coefficient and the setpoint of zero as 

described in Section 3.3.2.1. The tuned control gains for a properly damped system 

response are found to be: 𝐾𝑃 = 5, 𝐾𝐼 = 0 and 𝐾𝐷 = 0.2. To examine the tracking 

performance of the controller, a tuning case summary is presented. Here, the controller 

gains are tuned manually according to the Ziegler-Nichols method. The PID controller 

gains have been found within 7 simulations.  

 

(a)      (b) 

Figure 4.14 (a) Progression of error and controller output for P and PD controllers and 

(b) P and PD term progression. (Wright et al., 2020b). 

For the initial P controller, the output response 𝑐𝑎  is stable yet overshoots with 

asymptotic convergence after around 15 oscillation periods. By adding a derivative 

error gain the overshoot is damped and faster convergence is achieved after circa 700 

sampling periods. Figure 4.14 (b) shows the dampening effect of the derivative term 

reducing the overshoot of the P gain and achieving faster overall convergence. No 

steady-state error is observed; hence, there is no requirement to include an integral 

control.  

4.2.3 Results and discussion 

Changes to the rigidity of the fin lead to differences in vertical displacement along the 

fin when excited at the same frequency. Figure 4.15 (b) shows a trend of lower 

converged trailing edge displacement for higher actuation frequencies across all 

rigidities. It can be seen that at the same frequency, the more flexible the fin is, the 

larger the observed displacement. With increasing rigidity, the observed trailing edge 
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(TE) deflection amplitude changes little as the frequency is varied. With lower rigidity, 

the TE amplitude is more sensitive to frequency variation. However, for higher 

frequencies, the difference in TE amplitude between materials reduces to a minimum 

as seen in Figure 4.15 (b). An analysis of the converged pitch angle for the medium 

rigid fin shows a trend towards higher pitch amplitudes for higher frequencies, while 

results for the soft fin (K=0.25) show that the pitch amplitude reduces after an initial 

upward incline, see Figure 4.15 (c).  

  

(a)      (b) 

  

(c)      (d) 

Figure 4.15 (a) Maximum structure displacement at 𝑓∗=0.75, (b) TE amplitude, (c) QSS 

pitch angle amplitude (d) lag of TE behind pitch. (Wright et al., 2020b). 

Figure 4.15 (d) suggests that for increased pitch frequencies, the fin shape extends to 

show larger wave fractions. A more flexible structure leads to a larger phase difference 

between LE and TE at the same frequency. In Figure 4.15 (c) for changing frequencies 

the least rigid (K=0.25) fin shows an increase and subsequent decline of converged 

pitch angle amplitude. In contrast, the medium (K=1.04) and hard (K=10) fins show 

an increasing and relatively constant quasi-steady state angle amplitude respectively. 
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The difference in converged pitching amplitudes may point to an energetic benefit of 

higher actuations frequencies of the least rigid fin. 

Figure 4.16 (a) plots the instantaneous thrust coefficient at a quasi-steady state of the 

rigid material and at varying frequencies. The curves show an increase in thrust peak 

for increased frequency. The time profiles of the symmetric periodic sign change prove 

the effectiveness of the PD controller in balancing the unsteady drag and thrust to 

approach the desired quasi-steady state. 

 

Figure 4.16 (a) Instantaneous thrust force of K=10 for all frequencies at quasi-steady state. 

(Wright et al., 2020b). 

Figure 4.17 shows the Z-vorticity of all 15 cases at quasi-steady state recorded at the 

same T. The plots are organised so that cases of the same frequency are positioned in 

the same row. All fins show a trend towards smaller shed vortices for higher 

frequencies, which agrees with the reduced trailing edge amplitude in Figure 4.15 (b). 

Furthermore, the phase lag between LE and TE leads to a difference in the plotted 

vortex, seen, for example, when comparing contours 1), 2) and 3). The plotted contours 

also confirm the overall larger deflection of fins with lower rigidity. The plots depicted 

in Figure 4.18 assess two important prototype design criteria: controllability and power 

expenditure. For all cases, the same tuned control gains are used. Satisfactory 

convergence is observed for all cases. However, fast convergence is desirable for a 

swimming prototype which may be achieved by tuning the individual case further.  
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Figure 4.17 Z-vorticity contour at a constant pitch amplitude at instant T for all 15 cases. 

(Wright et al., 2020b).  
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Figure 4.18 (a) to (c) show the time progression of the controller output value 𝑐𝑎 . 

Differences in control response (some showing overshoot and slower convergence) are 

due to the application of equal control gains across all cases to ensure comparability 

of the results. Improved response may easily be obtained by further tuning the 

individual setup. 

The power coefficient shown in Figure 4.18 (d) generally follows the expectation that 

for higher frequencies the energy expenditure increases. While the power expenditure 

is similar for all materials at the first frequency, the medium stiffness (K=1.04) 

displays energy advantages for frequency cases 2, 3 and 5.  

 

(a)      (b) 

  

(c)      (d) 

Figure 4.18 (a), (b), (c) progression of controller output variable 

and (d) power expenditure coefficient. (Wright et al., 2020b). 

There is a significant drop in energy expenditure of the medium stiffness (K=1.04) 

from Case 4 to Case 5, although the pitch amplitude of the medium stiffness (K=1.04) 

at Case 5 is the highest of all cases (see Figure 4.18(c)). This may suggest improved 
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efficiency of this combination of medium rigidity (𝐾 = 1.04) and frequency (𝑓∗ = 1). 

Furthermore, the majority of lowest energy expenditures in conjunction with medium 

stiffness together with the good convergence over all frequencies suggests this is the 

optimal configuration of the three.  

The resulting Strouhal number for all cases, related to the freely moving TE, are close 

to the assumed optimal range of 0.2 – 0.4 (Rohr and Fish, 2004).  

 

Figure 4.19 Strouhal number for all cases. (Wright et al., 2020b). 

 

4.2.4 Conclusion on feedback-controlled pitching amplitude for 

assessment of thrust performance of flexible pitching plate 

Fish utilise elastic appendages in support of efficient swimming. The mechanism of 

fluid acceleration and vortex shedding is found in many species to be supported by an 

elastic caudal fin. The presented numerical study in Section 4.2 aims to support the 

understanding of thrust generation and the influence of material elasticity actuated at 

different frequencies. The investigation assesses the thrust performance of an 

approximated 2D caudal fin geometry actuated in pitch within passing flow. The 

caudal fin’s leading edge follows a prescribed pitching motion at a fixed location while 

the trailing edge is free to move based on fluid structure interaction. A parametric study 
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is conducted into the influence of material stiffness and actuation frequency of thrust 

generation. The simulation consists of a pitching fin within passing flow at Reynolds 

number 6000 assumed to be laminar flow. The methodology successfully couples 

CFD–FSI simulations with linear feedback control. A PID controller is set to find the 

quasi-steady state pitching amplitude for a combination of material stiffness and 

flexibility. By achieving feedback controlled quasi-steady state swimming it is 

possible to compare the hydrodynamic performance of fins with different kinematic 

and material properties. A manually tuned PID controller is proven to be a suitable 

control strategy with fast convergence towards a quasi-steady state. The numerical 

study compares three material rigidities, considered as hard, medium and soft 

respectively. 

Results show that, as expected, softer materials exhibit a higher trailing edge 

deflection, and the trailing edge amplitude is more sensitive to frequency change for 

elastic materials. While the amplitude of the hard material converges to close to 2 

degrees pitching amplitude for all frequencies, the medium rigid material shows a 

trend towards higher amplitude for higher frequencies, and the least rigid (soft) 

material peaks at a medium frequency. The observed phase difference between the 

leading and trailing edges are an indication of the elastic displacement along the fin. 

While the hard material may be compared to a stiff paddle, the medium and soft 

materials, excited by the pitching motion, show larger deflection and representation of 

wave fraction. The medium rigid material at quasi-steady state shows the highest 

fluctuation of instantaneous body force (drag and thrust peaks) followed by the soft 

material then the hard material. Higher frequencies lead to larger instantaneous thrust 

peaks and higher mean thrust and drag. All materials show a trend for higher power 

expenditure at higher frequencies; however, the medium frequency slope is low at low 

to medium frequencies and exhibits a drop at the maximum tested frequency. 

Compared to the soft and hard materials, the medium rigid material exhibits a trend to 

generally lower energy expenditure and is therefore considered to be performing 

energetically better. The Strouhal number of all cases remains close to the range of St 

= 0.2 to 0.4, which is considered in literature to be the optimal range. 
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The study highlights the complex fluid structure interaction of an elastic fin geometry 

generating thrust. General trends observed in power expenditures and quasi-steady 

state amplitudes are interrupted by singular exceptions. This may suggest that the 

assumption of an evenly distributed and constant fin rigidity is not justified. Future 

studies may model the fin rigidity more accurately. However, this study provides 

general data on the thrust performance of elastic plates. Furthermore, it may positively 

influence design decisions when building caudal fins for bio-inspired underwater 

robots. 

4.3 Combined feedback velocity and position control for 

analysis of dynamic position holding within incoming flow 

and in front of a cylindrical body 

4.3.1 Problem statement 

Fish commonly experience unsteady flow conditions (Liao et al., 2003) stemming 

from fluid structure interaction around static or dynamic objects leading to upstream 

low-pressure areas and downstream vortices. Fish are able to adopt to altered flow 

conditions and have been observed to prefer feeding sites near wing dams, midchannel 

boulder clusters and natural banks and avoid open areas (Shuler et al., 1994). Also, 

dolphins are known to swim near ships hulls (Scholander, 1959). 

Operation and station holding close to structures is an important component of 

underwater robotic sensing and manipulation tasks. While conventional thruster 

propelled vehicles require an extensive amount of energy to maintain a stable position, 

improved understanding of how fish utilise incoming flow and pressure regions around 

structures may improve robotic capabilities and reduce energy expenditure. 

To investigate the hydrodynamic performance of a self-propelled flexible plate near a 

cylinder, this work applied a PID controller to dynamically adjust the pitching 

amplitude of a plate to swim from an initial position to a target position and hold its 

position at the target location. The setup makes it possible to investigate the dynamic 

fluid structure interaction between the self-propelled swimmer, incoming flow and 

cylinder in the swimmer’s wake at different longitudinal distances to the cylinder. 
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Simulation results support the design of future BAUVs to better interact with their 

environment for hydrodynamic efficiency and lower power expenditure. 

This work represents an extension to the results presented in Section 4.2, in which the 

swimmer self-propels and moves freely in the horizontal axis to a designated position 

and holds that position at a cycle-averaged force equilibrium. The horizontal motion 

of the swimming plate is governed by Newton’s second law, given by 

𝐹𝑥 = 𝑚 𝑢
𝑑

𝑑𝑡
, (4.9) 

where 𝐹𝑥 is the horizontal force, 𝑚 is the total mass of the plate and 𝑢
𝑑

𝑑𝑡
 is the first 

derivative of the horizontal velocity of the plate. 

Figure 4.20 shows the simulation setup including the original cylinder location, the 

initial position and the target position of the swimmer. The distance between the initial 

position and the cylinder is denoted as 𝑑𝑜. The plate chord length is L as is the cylinder 

𝐷 = 𝐿, the initial position and target position are L apart, so that the initial position is 

𝑥𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑝0 and the target position is 𝑥𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑝0 − 𝐿. The location of the swimmer 

is defined by its leading edge.  

 

Figure 4.20 Simulation setup. (Luo et al., 2021). 

The swimmer is actuated by applying a uniform force to the plate in traverse direction. 

The leading edge is fixed, while the trailing edge is free to move. The applied force is 

given by 

𝐹𝑒𝑓(𝑡) = 𝑐𝑎 𝐹𝑒𝑓0sin (2𝜋 𝑓𝑒𝑓 𝑡) (4.10) 
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where 𝐹𝑒𝑓0 is the maximum force amplitude defined by 𝐹𝑒𝑓0 = 0.5𝜌𝑓𝑈2𝐿 𝑐𝑒𝑓0, with 

𝑐𝑒𝑓0  the actuation force coefficient, 𝑡  is the time and 𝑓𝑒𝑓  the frequency. Control 

variable 𝑐𝑎  is determined by the PID controller and adjusts the force amplitude 

between 0 and 1 according to the control error defined in Equation (3.38). Control 

variable 𝑐𝑎 regulates the pitching motion between zero and the maximum amplitude. 

Starting at zero pitching, the pitching amplitude is functioned to achieve two control 

targets: firstly, to swim towards a target point and, secondly, to hold position at the 

target position.  

The dimensionless parameters governing this problem are defined as follows: the 

reduced frequency 𝑓∗ = 𝑓𝐿 𝑈⁄ ; the mass ratio 𝑚∗ = 𝜌𝑠ℎ 𝜌𝑓𝐿⁄  with 𝜌𝑠  and 𝜌𝑓  the 

density of the structure and fluid respectively and h is the thickness of the fin; the 

dimensionless stiffness 𝐾 = 𝐸𝐼 (𝜌𝑠𝑈2𝐿3⁄ ) where E is Young’s modulus and 𝐼 =

ℎ3 12⁄  is the area moment of inertia of the cross section.  

Table 4-4 summarises constant values of the setup including the stiffness of the plate 

𝐾 and PID control gains derived through the Ziegler-Nichols tuning method (Ziegler 

and Nichols, 1942). 

Table 4-4 Overview of constant variables. 

𝐾 𝑐𝑒𝑓0 𝑚∗ 𝐾𝑃 𝐾𝐼 𝐾𝐷 𝑇ℎ 𝑇𝑠𝑒𝑡 

0.5 2.0 0.5 7 & 15 0 0.05 20 𝑇 4.2
𝑈

𝐿
 

4.3.2 Simulation setup 

The computational domain is 20L by 55L with the position of the cylinder located in 

the vertical centre at 10L and 15L from the left boundary, as shown in Error! R

eference source not found.. 
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Figure 4.21 (a) schematic of simulation domain and 

(b) top view of an overset mesh. (Luo et al., 2021). 

The plate is located horizontally to the left of the cylinder at distance 𝑑0 measured at 

the leading edge of the plate. Small mesh motion is achieved via mesh smoothing, 

large mesh displacement is accounted for by means of an overset mesh surrounding 

the plate. There are three meshes in total: the fluid domain mesh, the plate overset 

mesh and the plate structure mesh. Following a mesh and time step independency study 

(details provided in (Luo et al., 2021)), a total mesh number of 103,888 and a time step 

of ∆�̃� = ∆𝑡
𝑈

𝐿
, ∆�̃� = 0.00333 are applied. A non-slip boundary condition is imposed 

on all surfaces of the cylinder and swimmer. The fluid domain boundary conditions 

are velocity inlet (left boundary) and a non-reflective far field boundary condition 

(horizontal and right boundary) 

4.3.3 Results and discussion 

4.3.3.1 Effect of 𝒅𝟎 on static plate in front of the cylinder 

Comparable to the results reported in Wu et al (2014)), the presence of a cylinder in 

the downstream position of a fixed plate leads to drag reduction on the plate. Shown 

in Figure 4.22, for a constant 𝑅𝑒 = 1000, the drag force reduces when the cylinder is 

moved towards the plate. The reduced drag translates into reduced required effort to 

maintain position, making the closer position towards the cylinder energetically 

favourable. 
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Figure 4.22 Average drag coefficient 𝑐𝑑 of plate and cylinder over distance 𝑑0 𝐿⁄ . 

(Luo et al., 2021) 

A similar effect is observed for the cylinder; however, the drag reduction peaks at 2
𝑑0

𝐿
 

 

Figure 4.23 pressure coefficient contour at 
𝑡𝑈

𝐿
= 104 of (a) 𝑑0 = 0.3𝐿 (b) 𝑑0 = 6𝐿 and (c) 

without plate. (Luo et al., 2021). 

The contours show that for small 𝑑0, (a), the plate’s trailing edge is within the high-

pressure zone in front of the cylinder, see Figure 4.23 (a). For a large 𝑑0, the high-
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pressure zone is unaffected, see Figure 4.23 (b) and develops in a similar manner to 

the isolated cylinder in Figure 4.23 (c). 

4.3.3.2 Effect of Re on moving plate in front of cylinder 

The next step is an analysis of a pitching plate moving towards a target point as 

described in Figure 4.20. The designed PID controller error logic makes it possible to 

make a comparison at quasi-steady state equilibrium across different Reynold numbers 

𝑅𝑒 = [500,1000,1500], in other words, free stream fluid velocities. 

 

(a)      (b) 

 

(c)     (d) 

Figure 4.24 Quasi-steady state values at 𝑓∗ = 2.5 over a variable relative distance 
𝑑0

𝐿
 of (a) 

total power expenditure coefficient 𝐶𝑃𝑠 (b) mean power expenditure coefficient 𝐶𝑃ℎ (c) 

convergence time 𝑇𝑆 and (d) converged control variable 𝛼ℎ. (Luo et al., 2021). 

Figure 4.24 (a) and (b) show the overall energy expenditure coefficient 𝐶𝑃𝑠 and mean 

energy expenditure coefficient 𝐶𝑃ℎ  in a holding position at the target position. For 
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smaller distances 
𝑑0

𝐿
 the decrease in power expenditure is explained by a reduction in 

drag similar to that of the static plate. The required power drops significantly for all 

Re at a distance of 𝑑0 <L. The greatest energy saving compared to the isolated plate 

is achieved at Re = 1000 and at a distance 𝑑0 = 0.3𝐿, which achieves a reduction in 

the overall energy expenditure coefficient of 38% compared to when there is no 

cylinder present. Results show the Reynolds number to be a significant factor in the 

projected energy coefficient. For 𝑑0 = 0.75 𝐿 , 183% more energy is needed for 

Reynolds number 𝑅𝑒 = 500 compared to 𝑅𝑒 = 2000. These results show that higher 

Reynolds numbers are energetically favourable. Further, the total energy coefficient 

and mean energy coefficient at the target position follow the same pattern. Both point 

to the conclusion that the closer the plate swims in front of the cylinder the lower the 

effort required to hold its position. 

Figure 4.24 (c) plots the required time 𝑇𝑆 to travel towards the target position and reach 

a quasi-steady state holding station and Figure 4.24 (d) plots the converged quasi-

steady state control variable 𝑐𝑎. Both graphs indicate a more complex fluid structure 

interaction at small 𝑑0, hence, the longer convergence times and the positive relation 

between the pitching amplitude and thrust generation. Considering Figure 4.24 (a) and 

Figure 4.24 (c), lower steady state energy savings do not necessarily mean time 

savings. For comparison, values for the isolated plate without the presence of the 

cylinder are included. Comparison of results with and without the presence of a 

cylinder show that the total power expenditure, mean power expenditure and required 

pitching amplitude is reduced for all cases. For 𝑅𝑒 = 500  and 𝑅𝑒 = 2000 , the 

majority of cases show an increase in convergence time, not so much for 𝑅𝑒 = 1000. 

This may be due differences in the speed of which generated vortices move 

downstream and interact with the cylinder, suggesting an available optimum in the 

relation between swimmer distance and vortex shedding generation.  
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(a)      (b) 

Figure 4.25 Instantaneous displacement at 𝑓∗ = 2.5 of isolated plate, 𝑑0 = 0.3 𝐿 and 𝑑0 =
6 𝐿 for (a) 𝑅𝑒 =  500 and (b) 𝑅𝑒 = 2000. (Luo et al., 2021). 

A comparison of the instantaneous displacement for Re 500 and Re 2000 in Figure 

4.25 reveals that for a greater distance between the plate and the cylinder 𝑑0 = 6 𝐿, 

the displacement is identical with the isolated plate, whereas for a small gap 𝑑0 =

0.3 𝐿 initial downward drift is avoided. 

Corresponding nondimensionalised velocity curves in Figure 4.26 show a period of 

strong acceleration followed by a period of deceleration and subsequent convergence 

towards a quasi-steady state.  
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Figure 4.26 Instantaneous velocity at 𝑓∗ = 2.5 of isolated plate, 𝑑0 = 0.3 𝐿 and 𝑑0 = 6 𝐿 for 

(a) 𝑅𝑒 =  500 and (b) 𝑅𝑒 = 2000. (Luo et al., 2021). 

Fluctuation is caused by the adjusting controller response reacting to the strong initial 

acceleration of the pitching plate. A comparison of the control variable 𝛼 in Figure 

4.27 shows a more damped response for 𝑅𝑒 =  500 . The difference in Reynolds 

numbers will lead to a difference in error magnitude, suggesting that the control 

parameters are more suitable for 𝑅𝑒 =  500. 

Both Reynolds numbers show an equal amount of convergence time, in other words, 

no time advantage. Figure 4.26 confirms the implemented control logic in that the 

swimmer reduces its velocity as it approaches the target position and achieves quasi-

steady state force equilibrium within the passing flow and resulting close-to-zero mean 

velocity. It is found that the instantaneous velocity amplitude within the holding 

position is lower for Re=2000 (𝑢𝑏 = ±0.01𝑈) compared to Re =500 (𝑢𝑏 = ±0.02𝑈), 

as is shown in Figure 4.26. 

 

(a)      (b) 

Figure 4.27 Instantaneous control variable 𝛼 at 𝑓∗ = 2.5 of isolated plate, 𝑑0 = 0.3 𝐿 and 

𝑑0 = 6 𝐿 for (a) 𝑅𝑒 =  500 and (b) 𝑅𝑒 = 2000. (Luo et al., 2021). 

The generated vortices and reversed Karman vortex street in the wake of the plate is 

visible in the vorticity contours of Figure 4.28. Clockwise and anticlockwise vortices, 

which result in a mean forward thrust, are coloured in red and blue respectively. As 

the figure shows, vortices are at the plate’s trailing edge as well as around the cylinder.  

 



94 

 

 

Figure 4.28 Z-vorticity contour at quasi-steady state and 𝑓∗ = 2.5 for 𝑅𝑒 =  500 and 𝑓∗ =
2.5 for (left column) 𝑑0 = 0.3𝐿 and (right column) 𝑑0 = 6𝐿. (Luo et al., 2021). 

The process of vortex shedding is a key component of the thrust mechanism and the 

vorticity contour in Figure 4.28 shows that the presence of a cylinder in the wake of 

the plate influences the vortices formation in the wake. For a plate swimming close to 

the cylinder 𝑑0 = 0.3 𝐿  the vortices are compressed, indicated by the narrower V 

shape formation. When quickly coming into contact with the high-pressure zone acting 
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on the cylinder towards the passing flow, the vortices interact with their upstream 

neighbours. In contrast, for a greater distance 𝑑0 = 6 𝐿 the vortices, as in the case of 

an isolated plate, can flow downstream undisturbed continuously losing momentum 

before passing the cylinder. 

 

Figure 4.29 Instantaneous pressure contour for 𝑅𝑒 = 500 and 𝑓∗ = 2.5 

of (a) 𝑑0 = 0.3𝐿 and 𝑑0 = 6𝐿 (Luo et al., 2021). 

The high-pressure zone acting on the cylinder is visible in Figure 4.29. When 

swimming close to the front of the cylinder, interaction between the high-pressure zone 

of the cylinder leads to a reduction in the low-pressure zone of the plate at the trailing 

edge, resulting in an overall reduction of drag and a related reduction in effort to hold 

position. 

4.3.4 Conclusion on combined velocity and position feedback control 

for analysis of dynamic position holding within incoming flow 

in front of a cylinder 

Fish perform unsteady locomotion the majority of their time as a reaction to flow 

conditions and for continuous adaptation to their environment. Fish commonly 

experience unsteady flow conditions created, for example, by flow around structures 

or general current dynamics. The ability to adapt to changing conditions enables fish 

to maintain stability and efficiency. 
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Understanding the complex fluid structure interaction between fish swimming close to 

a structure may provide insights into how to develop robotic systems and improve 

station holding capabilities during, for example, inspection operations. 

The conducted numerical investigation aims to support better understanding of the 

fluid dynamics of a BCF swimmer holding station within passing flow close to a 

structure. The applied methodology consists of coupling a CFD-FSI solver with 

feedback control to facilitate dynamic station holding and to make a comparison 

between different materials at setpoint conditions. In this study, the BCF swimmer is 

approximated as a 2D elastic plate swimming and holding position within a velocity 

stream and at variable distances in front of a cylinder. The CFD-FSI simulation 

environment provides a coupled solution of the fluid and structure equations so that 

the leading edge is a rigid reference point moving according to Newton’s second law 

while the remaining plate structure moves according to actuation and surface forces. 

The self-propelled horizontally moving swimmer is subject to instantaneous forces and 

acceleration. A feedback controller is designed and implemented to lead the swimmer 

towards and hold at a target location one body length in front of the varied initial 

position. Holding position within passing flow requires the swimmer to reach a quasi-

steady state at which the power expenditure is compared. Observations confirm, a 

converging controller output leads to periodic stable hydrodynamics over one 

undulation period. For general comparison throughout the study, a reference case is 

given with a swimming plate without a cylinder. Results assess the influence of the 

distance towards the structure and related hydrodynamics effects on the station holding 

ability and effort. 

The presence of a cylinder in the wake of a plate indeed leads to reduced drag acting 

on the plate and cylinder. CFD simulation results also show for smaller distances 

between cylinder and plate lead to smaller plate drag. Also, the drag of the cylinder 

reduces for a plate up to a distance of 2 body lengths and then increases again for 

smaller distances. 

For a self-propelled swimmer, the energy required to swim a distance of one body 

length and hold position reduces at decreasing distances to the cylinder. The power 

expenditure drops significantly when the initial position is less than 1 body length from 
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the cylinder. Overall, higher Reynolds numbers show lower power expenditure leading 

to the conclusion that a higher Reynolds number is energetically favourable. With 

reducing distances to the cylinder, the plate requires more time to converge to a quasi-

steady state and requires a lower amplitude corresponding to the lower required power. 

For higher distances between the plate and cylinder, the instantaneous trajectory 

converges towards the reference case, in other words, the plate without a cylinder. An 

analysis of the vorticity contours reveal interaction between the low-pressure zone in 

front of the cylinder and the reversed vortex street of the plate as an explanation for 

the improved hydrodynamic performance of the swimmer swimming closer to the 

cylinder. 

In summary, the work confirms the energetically positive fluid structure interaction 

between a self-propelled swimmer and the wake structure. Future studies may extend 

to varying the elasticity and geometry of the plate and increasing variation of the 

kinematic parameters. 

 

Chapter 5  Design and development of a bio-inspired 

underwater vehicle 

5.1 Introduction to the design process and requirements 

Bio-inspired autonomous underwater vehicles are designed to mimic the high 

efficiency abilities of underwater creatures. Analogue to best practices, processes and 

challenges of designing and engineering a physical system, the creation of a bio-

inspired robot entails an iterative process of design decisions within a large parameter 

space. The process is guided by the targeted features of the system and is constrained 

by the available resources. 

The goals of the design process are set out at the beginning as follows: the targeted 

design shall mimic the general structure and kinematics of a BCF swimmer to achieve 

a good compromise between a low drag slender design for long distance travel and 

high manoeuvrability. The cost shall be limited to £2500 and the overall size of the 

design shall be within 1 meter in length to enable testing in the available water tank. 
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The vehicle shall operate untethered to swim freely and shall be multi-actuated to 

enable assessment of performance for different kinematic parameters.  

A new vehicle design is developed that includes the novel application of synchronous 

magnetic joints to allow statically sealed and actuated flexibility between 

neighbouring body modules. The implemented design creates a modular structure that 

mimics an eel. The underlying modularity creates a versatile and extendable system 

that is sufficiently robust while promising anticipated efficiency improvements from a 

bio-inspired design structure. The design addresses a key weakness of existing 

modular robotic designs in that it avoids dynamic seals and flexible covers by 

presenting a novel magnetic coupling solution. The designed magnetic coupling allows 

for true mechanical modularity and future development of a self-configuring 

underwater robotic system. Many configurable modular robotic systems for research 

have been developed (Chennareddy et al., 2017;Liu et al., 2016) but to the best of the 

author’s knowledge, only one of these reconfigurable systems has been designed for 

underwater operation as part of a bio-inspired swimmer.  

 

(a) 

 

(b) 

Figure 5.1 Created robotic designs by the author: (a) First design iteration named 

“RoboFish” (b) Second design iteration named “Modular Multi-body Autonomous 

Underwater Vehicle” (MMBAUV) 

In the following, key aspects of the design and construction are presented and 

discussed on the creation of a bio-inspired underwater autonomous vehicle. The first 

design iteration, shown in Figure 5.1 (a), was created during the EPSRC Supergen 

ORE funded project: “Autonomous Biomimetic Robot-fish for Offshore Wind Farm 

Inspection”. The author contributed to the project providing the mechanical design 

including CAD modelling and the magnetic coupling idea and design. The second 
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design iteration, shown in Figure 5.1 (b), is fully designed and built by the author and 

is therefore discussed in more detail. Parts of this Section are published in (Wright et 

al., 2020a;Wright et al., 2023a). 

5.2 Development of magnetic coupling 

5.2.1 Mechanical design 

A synchronous mechanical coupling between two physically separated shafts is 

achieved by means of a magnetic attraction force. Typically, attracting magnetic forces 

are generated from permanent magnets or electromagnetic coils. Because the latter 

relies on a constant energy supply to maintain an induced magnetic field, the design 

focuses on permanent magnets. Magnetic couples are fixed to a driven side and a load 

side and are typically arranged in either an axial or coaxial configuration, as shown in 

Figure 5.2. Synchronous motion is maintained through a restoring torque relative to 

the displacement angle between the two sides, the so called load angle (Nagrial et al., 

2011).  

 

Figure 5.2 Magnet coupling arrangement. (Wright et al., 2023a). 

When the load difference between the two sides exceeds the maximum magnetic 

coupling torque, coupling may be lost and “slip” occurs. Consequently, it is important 

to design the magnetic couples to provide sufficient coupling strength for the target 

application.  
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The design process led to the creation of two iterations of a synchronous coupling for 

application in a bio-inspired underwater robot. Both designs show a coaxial magnet 

arrangement for increased torque transfer. The first design consists of twelve 

permanent magnet couples arranged around an inner driven shaft and surrounding 

hollow drive shaft. The drive shaft is located enclosed within a module housing and 

the drive shaft is exposed to water resulting in the magnets being separated by a gap 

made up of a layer of water, enclosure and air. The driven shaft connects at each end 

through lever arms to the neighbouring module, as seen in Figure 2.14(a).  

The joint design achieves a strong magnetic bond and smooth transfer of torque 

between the two sides of the coupling but is relatively heavy due to the required 

structure and number of magnets. The fixed mechanical lever arm is a potential weak 

point during peak load stress and the arrangement of the inner shaft requires detailed 

assembly considerations to ensure a mechanically sound design. 

 

Figure 5.3 Schematic of 360-degree magnetic joint arrangement. (Wright et al., 2020a). 

The second design iteration is lighter, can safely disconnect when experiencing forces 

above design loads, avoids structural weakness of mechanically fixed lever arms and 

is less complex to assemble. 

A key design change is the reduction in the number of magnets and arrangement from 

a full circumference to an arc shape. The driven shaft magnets are incorporated in the 

curved surface of the ascending body module forming the joint. The arc shape reduces 

the magnetic coupling surface and allows the driven side to be guided along the outer 

wall of the enclosure in which the driver side is placed. Rounded off edges of the 

driven side module ensure sufficient freedom of rotation and the overall arrangement 
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results in a relatively smooth surface across the joint, compared to the 360-degree 

magnet joint arrangement. The updated arrangement achieves significant weight 

reduction and avoids a fixed mechanical coupling and a potential weak point of lever 

arms of the original design iteration. Further, this allows for modules to decouple when 

experiencing extreme external loads. Under normal operating conditions decoupling 

does not appear due to the characteristics of the viscous, self-supporting nature of 

water and a push force between the coupled modules when the fish is swimming. 

 

Figure 5.4 2D schematic of neighbouring arrangement of new magnetic joint. 

(Wright et al., 2023a) 

In addition to torque transmission, the proposed design makes use of the attractive 

force in the magnetisation direction to align and hold neighbouring body modules, with 

the descending module resting atop the neighbouring module’s ball bearing. 

5.2.2 Calculation of coupling force 

For the calculation of the magnetic coupling strength, a joint is assumed to consist of 

n pairs of magnet couples in an alternating arrangement. The alternating arrangement 

makes use of the repelling force of neighbouring magnets of the same polarity. To 

reduce the cost of the initial prototype, only widely available cuboid shaped 

neodymium magnets are considered. The final coupling provides one Degree of 
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Freedom (DoF) between neighbouring body modules to enable the shaping of a 

travelling wave in the common plane of rotation of the joints.  

Figure 5.5 shows the force vector, for a normal distance ∆𝑥 and perpendicular distance 

∆𝑦 for a single magnetic couple that ensures connection in normal and rotational 

directions. The force vector direction of the cuboid magnets is noted in the variable 

index and the dimensions of the magnets are denotated by W, L and T for width, length, 

and thickness respectively. While a sufficiently strong normal holding force 𝐹𝑥 

between magnets is easily achievable, it is critical to design the maximum sheer force 

𝐹𝑦 to reduce the load angle and avoid slip.  

 

(a)      (b) 

Figure 5.5 (a) Restoring force 𝐹𝑥 and 𝐹𝑦 at ∆x and ∆𝑦 displacement of magnets (b) magnet 

normal distance ∆x(W) for different cuboid magnet width W.(Wright et al., 2023a). 

To support the design process, an approximation model is used that is sufficiently 

accurate and fast to support an iterative design process. The maximum transferable 

torque, 𝜏𝑚𝑎𝑥, is approximated by a function of the number of magnet couples 𝑛, the 

maximum sheer force 𝐹𝑦,𝑚𝑎𝑥, the radius 𝑟 +
∆𝑥

2
 between the joint centre and the half 

distance 
∆𝑥

2
 between the two magnets 

𝜏𝑚𝑎𝑥 = (𝐹𝑦,𝑚𝑎𝑥  (𝑟 +
∆𝑥

2
) ) 𝑛. (5.1) 
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The magnetic forces 𝐹𝑥  and 𝐹𝑦,𝑚𝑎𝑥  are calculated using equations published by 

Schomburg et al. (Schomburg et al., 2020). Accordingly, 𝐹𝑥 can be approximated as 

follows 

𝐹𝑥 =
𝑑𝑒

2

[∆𝑥 + 𝑑𝑒]2
 𝐹0, (5.2) 

where 𝐹0 is the force 𝐹𝑥  at magnet distance zero (∆𝑥=0), and the variable 𝑑𝑒  is the 

distance between magnets at which the normal force 𝐹𝑥 is one quatre of the normal 

force at zero magnet distance, hence, 𝐹𝑥(𝑑𝑒) =
1

4
𝐹0. To identify 𝑑𝑒, values for 𝐹𝑥=0 

and 
1

4
𝐹𝑥=0 are computed by means of a magnetostatic FEM simulation using EMS 

(EMSworks, 2022) for Autodesk Inventor (Munford and Normand, 2016). The 

maximum shear force in the X-Y plane is approximated by 

𝐹𝑦,𝑚𝑎𝑥 =
1

1.11 − 0.244𝑒𝑥𝑝 (−2 [
𝐿1

𝐿2
− 1])

𝐹0

𝐿2

𝑑𝑒
2

𝑥 + 𝑑𝑒
. (5.3) 

Here, 
𝐿1

𝐿2
 is the length ratio between magnet couples and remains equal to 1. As shown 

in Equations (5.2) and (5.3), the coupling strength is directly related to the magnet 

strength, magnet dimension, and the normal distance between magnet couples. Figure 

5.5 (b) shows, for varying magnet distance, the normal distance between magnet 

couples converges towards the wall thickness and the air gap between the two 

connected modules. For a given radius r, the magnet width and depth are found by 

balancing the magnet dimensions, the maximum possible magnet couples, and the 

smallest possible normal distance between magnet couples. Restricting factors include 

the limited space available around the inner and outer shafts. The height of the magnets 

is determined based on factors including overall module height, related to the module 

aspect ratio and buoyancy volume as well as the centre of gravity. 

The final derived design consists of n = 4 magnetic couples arranged at a radius of 𝑟 =

32𝑚𝑚 and a magnet couple distance of ∆𝑥 = 6 𝑚𝑚. All magnets are cuboid NdFeB 

magnets measuring 40x10x5 mm (LxWxH). As shown in Figure 5.6 (a), the design’s 

attracting normal force between each magnet couple is 𝐹𝑥 = 19.2325𝑁  and the 
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maximum shear force is 𝐹𝑦 = 22.8746𝑁. According to Equation (5.3), this results in 

a maximum transferable torque of 𝜏𝑚𝑎𝑥 = 2.4533 Nm. In comparison, the 

magnetostatic simulation results calculated a maximum torque of 𝜏𝑚𝑎𝑥 =

−2.6315𝑁𝑚  at 14 degrees load angle. Figure 5.6 (b) shows results of the 

magnetostatic simulations for different load angles and the resulting restoring torque. 

  

(a)      (b) 

 

(c) 

Figure 5.6 (a) force curves according to Equations (5.2) and (5.3), (b) FEM results of 

maximum load torque for different load angles (c) section view of magnetic field intensity 

plot at 14 degrees load angle. (Wright et al., 2023a). 

The section view of the magnetic field, shown in Figure 5.6 (c), shows the connecting 

field lines between magnet couples and the minimum magnetic field intensity between 

magnets of the same polarity. During operation, the opposite magnet poles will attract 
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and the equal magnet poles will repel, resulting in a restoring torque for the driven side 

to follow the drive side.  

5.3 Electronic circuit design, communications and control 

Each module houses an identical set of electronics to enable actuation of the drive shaft 

and enable wireless communications between each module and a controlling laptop. 

Each circuit is built around an Arduino NANO 33 BLE and is powered by two 18650 

batteries connected in series via a 2S Battery Management System (BMS) resulting in 

3000mAh capacity and a supply voltage between approximately 7V - 8.4V. The joint 

is actuated by a Hitec HS-646WP servo motor. Each joint is driven via an HTD M5 

timing belt connected to a servo pulley with a gear ratio of 12:32. The design allows 

for a maximum rotation angle of ±35 degrees between two modules given by the 

mechanical constraint of intersecting neighbouring modules and the gear ratio between 

pulley, shaft and servo motor. The servo power is measured by the Adafruit INA260 

breakout board which is powered via the Arduino board’s 3.3v pin and communicates 

via a I2C bus. An additional Zener diode, a capacitor, and two Schottky diodes are 

added to protect the Arduino’s Vin pin from over-voltage and reverse current transients 

caused by rapid servo movements. A 12-volt TDK WRM483265-10F5-12V-G 

wireless charging coil is installed at the bottom of each module. A switch makes it 

possible to turn off the module while wireless charging continues. Figure 5.7 shows 

the full module circuit design. 

Wireless communications to maintain remote control of the robot is required to 

facilitate untethered swimming. With the trials of the prototype being held exclusively 

in a lab environment, Bluetooth Low Energy (BLE) has shown to provide effective 

and reliable connectivity when the robot is swimming close to the surface.  
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Figure 5.7 Module circuit schematic. (Wright et al., 2023a). 

Communications are established between each module (slave) and a laptop (central 

master). Two-way data transfer, at a BAUD rate of 115200, is established between the 

central device (laptop) and each individual module (Arduino board). As a result, the 

modules do not communicate directly with each other but the data of each module is 

received, processed and returned at the central device. Each module is identified by a 

Universal Unique Identifier (UUID). Following standard BLE format, transferred data 

is organised in Services and Characteristics, which can be selectively made available 

for each data link at the central device. 

BLE communications are setup via a MATLAB function within Simulink. Robot 

kinematic parameters can be changed online and live data, such as servo power, is 

recorded.  

The robot structure can form a traveling wave via oscillation motion of its joints at a 

phase difference according to their body position. Each joint follows a sinusoidal 

oscillation according to its position along the swimmer and Equation (3.30). 

The maximum frequency is calculated by 𝑓𝑚𝑎𝑥 <
𝜔

𝐴(𝐿)2𝜋
with 𝜔 =

60

0.2
[

𝑑𝑒𝑔

𝑠𝑒𝑐
] being the 

no load servo velocity. The max torque is calculated to be 9.6 ~ 11.6 kg/cm provided 

by the Hitec HS 646 WP Analog Servo. 
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5.4 CAD design, prototyping and assembly 

Additive manufacturing, also known as 3D printing, offers fast and low-cost 

prototyping of complex geometries. The two well established methods of Fuse 

Deposition Modelling (FDM) and Digital Light Processing - Stereolithography (DLP-

SLA) are used.  

A first prototype was created using Fuse Deposition Modelling (FDM). The print 

material Acrylonitrile Styrene Acrylate (ASA) filament is used due to its high strength, 

impact and chemical resistance compared to alternatives such as Polylactic acid (PLA). 

Key printing parameters that influence the quality and accuracy of the print include 

extrusion temperature and speed, depositing nozzle size and print bed temperature. 

Final print results may also be influenced by external factors such as ambient 

temperature and forced convection from air fluctuation, for example, draught from an 

open window or air conditioning.  

Challenges in waterproofing the created components layered structure and poor 

dimensional tolerances led to changing to SLA 3D printing technique for the second 

prototype. 

The second prototype is created using a Digital Light Processing - Stereolithography 

(DLP-SLA) printer: ANYCUBIC Photon Mono (ANYCUBIC, 2022). SLA printing is 

a well-established method but not as common as FDM printing. It is slightly higher in 

cost and requires handling of a liquid resin, adding to the production steps, such as 

washing and curing the final printed part. The print processes consist of a built plate 

that is lowered into a liquid print resin located in a basin with a transparent bottom, so 

called FEP, located above a UV light. The Anycubic photon Mono printer achieves a 

print resolution of up to 50 micros determined by the screen resolution. Print failure 

and part deformation during the printing process can result from printing enclosed 

cavities that lead to a pressure difference, the so-called “suction cup effect”, extensive 

overhang or an insufficient support structure resulting in unsupported new layers. 

The finished parts are coated with a UV blocking spray to extend the longevity of the 

parts and stop the materials from further solidifying when exposed to UV light, for 
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example, during transport. No degradation of part quality or structural integrity was 

observed over several months of tests. Figure 5.8 shows the SLA printer during the 

print process and the completed 3D printed structure parts of the head and body 

modules.  

   

(a)    (b)    (c) 

Figure 5.8 (a) SLA 3D printer and structure parts of (b) a head and (c) a body module. 

 

Figure 5.9 (1) front window (2) head frame, (3) electronic housing flange, (4) electronic 

housing, (5) joint housing, (6) joint housing cap, (7) magnet housing, (8) tail main frame, (9) 

tail fastening bar, (10) tail plate. (Wright et al., 2023a). 

Figure 5.9 shows CAD models for the three main body sections (head, body and tail 

fin). All presented parts are 3D printed except for the tail fin plate. Electronic 

components are installed and accessed via the flange connection between the joint 

enclosure and the electronics compartment. The interface is watertight sealed via 

8xM3 screws and a surface seal made of expanded DA320 closed cell sponge material.  

5.5 Buoyancy and balance adjustment 

To achieve optimal swimming, it is important to balance and ballast the robot to ensure 

it has right amount of buoyancy and swims stably in an upright position as well as to 

reduce static and dynamic instabilities. Modules are balanced and ballasted 

individually to allow for flexible configuration to extend or reduce the number of robot 
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body modules. Individual module buoyancy adjustment and ballasting is also 

important to reduce any undesired roll motion when the central line curves during 

manoeuvring. All module structures are axisymmetric along X in the X-Y and XZ 

plane (see Figure 5.10). Static components are placed to ensure a centre of gravity 

point below the centre of buoyancy to enhance static stability in an upright position. 

The buoyancy force and centre of mass of each module are Y asymmetric in YX plane, 

due to the module shape having a lower volume and greater mass towards the joint 

side. Added weight is needed to make it possible to align the centre of mass and centre 

of buoyancy for each module. 

 

Figure 5.10 a) Z- axis symmetry b) X-axis symmetry. (Wright et al., 2023a). 

The overall dimensioning of the body volume during the design process, taking 

Archimedes principle into consideration, resulted in only low amounts of ballast being 

required. Final balancing and ballasting are achieved together by adding weights at the 

bottom of each module. As a result, the robot is submerged along the free surface of 

water and a stable horizontal floating position of the assembled robot is achieved. 

5.6 Key challenges experienced during design and building 

process 

Fundamental yet most challenging to the design process was the watertightness of the 

3D printed enclosures. Early in the design process the choice was made to move from 

FDM to SLA 3D printing as it provided a waterproof structure. Because of the 

magnetic coupling, only static interfaces to access the module housed electronics for 

assembly and maintenance need to be designed. During the design process and 

supported by the ability to fast prototype using 3D printing, radial and face seal 

arrangement were investigated. Radial seals provide the benefit of an increasing 
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sealing force the higher the external pressure, however, they require high tolerances 

and are difficult to achieve using the applied additive manufacturing techniques. 

The final design includes a face seal suitable to be produced using the chosen 3D 

printing techniques and the sealing pressure can be adjusted via 8 screws. Most 

important to the designed water seal is a soft sealing material. Most common nitrile O-

ring materials are rather hard and did not achieve reliable water tightness. The final 

face seal is made up of a soft closed foam material.  

A further challenge was using Bluetooth Low Energy in an underwater application. A 

simple test consisting of a bucket of water and a waterproof Tupperware food container 

to submerge an Arduino microcontroller provided sufficient evidence for acceptable 

performance at low water depths. 

For the robot to swim just below the water surface, each module was ballasted 

individually. Initially, the ballast weight was to be placed inside the module, however, 

limited space, however, limited space, rapid movements during undulation and the 

need to open the static seal each time an adjustment is made lead to the decision to 

attach the ballasting weight to the outside at the bottom of each module. This setup 

increases the drag, so that future systems are planned to have a more sophisticated and 

actuated method of blasting. 

5.7 Conclusion Chapter 5 Design and development of bio-

inspired autonomous underwater vehicle 

Creating and testing bio-inspired underwater vehicle prototypes represents a key part 

of the effort to understand and apply bio-inspired locomotion. Testing of prototypes 

and experimental research provide proof of feasibility and validation data for CFD 

simulations. Amongst the vast number of ingenious designs, modular bio-inspired eel 

or snakelike robots represent a versatile platform able to exceed the performances of 

conventional designs.  

A common challenge faced by bio-inspired mechanical designs is the integration of 

body flexibility. In the case of modular snake-eel like robots, the majority of designs 

rely on O-rings and flexible covers to waterproof the actuated connection between 
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modules. Both solutions provide insufficient ingress protection at large water depths 

and rough open sea conditions. This is mainly due to degradation from wear and tear, 

required engineering tolerances and insufficient protection against increasing water 

pressure at greater depths. Further, both solutions limit modularity due to challenges 

when needing to access, replace and repair modules. A new and fully modular design 

is presented based on the novel application of a synchronous magnetic coupling. The 

prototype achieves statically sealed watertightness and true mechanical modularity by 

avoiding a fixed mechanical coupling between neighbouring modules. The magnetic 

torque transfer without fixed mechanical connections offers a reduced weight structure 

and protective decoupling under extreme load. The final presented design avoids using 

a fixed mechanical connection, which facilitates disconnection under high load, and 

increases the survivability of the robot in harsh environments. Analytical and 

numerical simulations are conducted to design and optimise the strength of the 

magnetic coupling. The strong but breakable connection offers a pathway to future 

development of underwater robots as can be observed in space robotics, namely the 

use of self-configurable modular robotic technologies (Letier et al., 2019). Future 

development towards self-configuration and adaptation to the environment will be 

enabled by adding an actuated decoupling mechanism to the current permanent magnet 

connection. 

Two different types of additive manufacturing are used and discussed, namely Fuse 

Deposition Modelling (FDM) and Stereo Lithography STL). The final, second 

iteration prototype is created using SLA and the parts are optimised for this printing 

technique. Each module houses an identical set of electronics. Wireless open loop 

control is achieved via a Bluetooth Low Energy (BLE) connection between each 

module and a laptop as the central node. Bluetooth was selected as a low-cost solution, 

however, this restricts the swimmer to swimming close to the water surface. The 

Bluetooth connection is further used to send and record power data of each module on 

the laptop. The structure consisting of a head module, repeating body modules and a 

tail fin may have a variable number of body modules. The head module is identical to 

a body module apart from a forward-facing clear screen to allow, for example, a 

camera to point in a forward direction. The tail fin module uses the same joint 

connection as the other modules and the fin plate can easily be replaced to, for 
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example, test different materials. The tail fin itself does not provide significant 

buoyancy. While body modules are balanced individually, the tail and head modules 

are balanced in combination so that the overall robot lays flat just below the water 

surface. 

The final created design represents the best combination of available and created parts 

as determined by the author. Through the iterative process numerous combinations and 

changes have been made, such as changing the shape and function of the 3D printed 

parts, such as changing the assembly order or water-sealing surface. The design 

process was concluded after a balance between all general requirements where found. 

Such general requirements include dimensioning for optimal water tightness, access 

to and assembly of the modules, sufficient buoyancy, low-drag shape optimisation as 

well as maintaining the ability to 3D print the part with the available printer. 

Selection of components, such as equipment for electronic, communications and 

control, was determined based on required functionality and guided by price, 

dimension and compatibility considerations. 

Chapter 6 Hydrodynamic lab testing of modular magnetic 

bio-inspired underwater vehicle  

In the following, results are presented that test and confirm the ability of the robot to 

generate thrust and swim freely. A custom-built reversed bollard test is constructed to 

measure the force at the leading edge resulting from body undulation with different 

amplitude envelopes and magnitudes, frequencies and tail plate stiffnesses.  

A state-of-the-art optical motion tracking system from Qualisys AB is used to measure 

the swimming trajectory of the robot. Applying this technique, a study is conducted to 

investigate the maximum swimming speed for varying kinematic parameters. Parts of 

this Section are published in (Wright et al., 2023a). 

6.1 Facility, robot configuration and lab setup 

All lab tests are conducted at the Kelvin Hydrodynamics Laboratory at the University 

of Strathclyde. The laboratory has two water tanks, a towing tank and a wave tank. 
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The towing tank is 76x4.6x3 m (LxWxD). The wave tank is 9x3.15x1 m (LxWxD). 

All tests are conducted in still water conditions and the robot ballasted to remain 

submerged just below the water surface to maintain BLE communication. 

 

(a) 

 

(b) 

Figure 6.1 Kelvin Hydrodynamic (a) towing tank (b) wave tank. 

The robot configuration used in the tests consists of a head module, two body modules 

and a tail module with a total length of 907x70 x110 mm (LxWxH). The tested robot 

configuration is shown in Figure 6.2. The joint positions along the robot body, starting 

from the leading edge of the head module are 𝑠1 = 248 mm, 𝑠2 = 444  mm and 

 𝑠3 = 642 mm. 

The robot followed kinematics described by Equation 3.30 where the kinematic 

parameters, including 𝐴(𝑠) , 𝐶(𝑠), 𝜑(𝑠), 𝑓 , 𝑐𝑎  and 𝑐𝑠 , are controlled through user 

input in MATLAB. Communication between the software and the robot is achieved 

using Bluetooth between a laptop and an Arduino Nano microcontroller installed in 

each body module. 
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Figure 6.2 Robot configuration during lab tests. (Wright et al., 2023a). 

6.2 Experimental thrust measurements 

Thrust generation through body undulation is a fundamental design feature of the 

presented robot. As discussed in Section 2.2, currently available hydrodynamic 

efficiency coefficients, such as the Froude efficiency, are not suitable to assess the 

swimming performance of fish, as the useful energy of fish propulsion is not clearly 

definable. To measure the robot generated thrust, a test methodology resembling the 

bollard pull test is conducted. A comparable test setup was applied in Struebig et al. 

(2020). 

To take account of the undulation propulsion dynamics and periodic thrust generation, 

the swimmer is configured to exert a force by pushing against a load cell rather than 

exerting force by pulling on a line away from a fixed position. This modification aims 

to optimise the application of the methodology for a more effective and accurate 

assessment of the undulation propulsion dynamics. 

6.2.1 Setup and calibration 

The force measurement apparatus consists of an aluminium bar lowered lengthwise 

into the water with the robot connected to it at the lower end. The aluminium bar is 

fitted with 4 strain gauges positioned to, from the perspective of the robot, measure 

the force applied in both normal and lateral directions. In fact, the attached strain 

gauges measure the beams bending moment, but the readings are calibrated to measure 
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force. The robot is connected through a 3D printed adapter fixing the robot head to the 

aluminium bar. The connection allows one rotational degree of freedom to account for 

the wave motion of the robot to start at the leading edge. Figure 6.3 shows the setup 

and the three main components 1) strain gauge bar 2) adapter facing towards the strain 

gauge bar 3) robot. 

The setup is calibrated to determine the conversion factor between the measured 

change in voltage of the strain gauges and the magnitude of applied forces. Here, the 

setup is loaded with defined weights and the measured voltage is recorded. Figure 6.4 

(a) shows the linear relationship between the added weights and the corresponding 

measured voltage. The slope, in other words, the conversion factor is found to be 

0.0882 volts per newton. In the second step, to validate the conversion factor, it is used 

to directly measure the applied load. Figure 6.4 (b) shows the error between the added 

and applied measured load in %.  

 

Figure 6.3 Robot thrust test (1) strain gauge bar (2) adapter (3) robot. (Wright et al., 2023a). 

The measured thrust data is post-processed via a lowpass filter to cut out frequencies 

above 2.5 times the actuation frequency. Figure 6.5 shows an example set of results 

with highlighted sampling points and a low-pass filtered signal. For equal 

measurements between cases and to ensure perpendicular alignment of the robot 

towards the strain gauge bar, forward force sample data is taken at the point where the 

side force sample data over one oscillation cycle 𝑇 = 1 𝑓⁄  is closest to zero 

1

𝑇
∑ 𝐹𝑦 ≈ 0. At this point instantaneous force curves are compared, and the net thrust 

is recorded.  
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(a)      (b) 

Figure 6.4 (a) Calibration voltage measurements for added load and (b) error per cent 

between added and measured load using found conversation factor. 

 

  

(a)      (b) 

Figure 6.5 Sample results showing type of captured results and application of lo-fi filter: 

(a) thrust force and instantaneous force with a low-pass filter, (b) side force and 

instantaneous force with a low-pass filter. (Wright et al., 2023a) 

6.2.2 Investigated parameters 

Recorded data is compared for different frequencies, amplitudes and fin materials. 

Results are obtained using a constant amplitude envelope, 𝐴(𝑠) = 𝑐𝑎. The wavelength 

is maintained at 𝜆 = 2𝜋. To assess the thrust performance and support future design 

decisions on the flexibility of the tail fin, three different caudal fin materials (single 

sided carbon fibre, Foamex and High Impact Polystyrene (HIPS)) are investigated at 
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two amplitude and two frequency values. A test matrix of all parameters is shown in 

Table 6-1.  

Table 6-1 Reversed bollard test case parameter 

 Material 
𝑓 

[Hz] 

𝑐𝑎 
[-] 

Case 1 Carbon fibre 1 10 

Case 2 Carbon fibre 1 15 

Case 3 Carbon fibre 1.5 10 

Case 4 Carbon fibre 1.5 15 

Case 5 Foamex 1 10 

Case 6 Foamex 1 15 

Case 7 Foamex 1.5 10 

Case 8 Foamex 1.5 15 

Case 9 HIPS 1 10 

Case 10 HIPS 1 15 

Case 11 HIPS 1.5 10 

Case 12 HIPS 1.5 15 

All three tail plates are 1 mm thick and are of the dimensions shown in Figure 6.6. The 

tail material properties are in agreement with the general material properties available 

in the MatWeb database (MatWeb, 2023). The robot is controlled using open loop real-

time serial communications through MATLAB Simulink (MathWorks Inc., 2023). 

 

Figure 6.6 Exchangeable tail plate dimensions. (Wright et al., 2023a). 

6.2.3 Results and discussion 

6.2.3.1 The influence of actuation frequency 

Figure 6.7 (a) shows an overview of the measured net thrust comparing cases of 

constant amplitude and material and frequency variation. For all cases, an increase in 

wave frequency results in an increase in net thrust. While the increase is marginal for 

case pairs 6-8, the difference between case pairs 2-4 increases twentyfold. As 

expected, an increase in wave frequency led to an increase in instantaneous force 
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frequency in all cases. The instantaneous forces of case pairs 9-11, Figure 6.7 (b), show 

that the side force remains stable in magnitude for increasing frequency while the net 

thrust force increases. 

 

(a)     (b) 

Figure 6.7 (a) comparison of case pairs for increased frequency 

(b) instantaneous force comparison of case pairs 9-11. (Wright et al., 2023a). 

6.2.3.2 The influence of actuation amplitude  

Figure 6.8 (a) provides an overview of a comparison of the measured net thrust and 

case pairs in relation to changes in undulation amplitude. An increase in amplitude 

results in an increase in net thrust, in all but one case. Further, an increase in amplitude 

led in all cases to an increase in the observed side force which can be seen in the 

comparison of the instantaneous forces of case pairs 3-4 in Figure 6.8 (b). While the 

general force curves show a resemblance to one another, the amplitude of side and 

thrust forces increase in line with the increase of actuation amplitude. 

 

(a)     (b) 

Figure 6.8 (a) comparison of case pairs for increasing amplitude 

(b) instantaneous force comparison of case pairs 3-4. (Wright et al., 2023a). 
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Strikingly, Case 4 achieves the highest mean forward force. Mean force calculations 

are consistent with the instantaneous curve, see Figure 6.8 (b). Potential reason for the 

significant increase in mean thrust may be due to optimal hydrodynamics or resonance 

frequency effects for the selected kinematic parameters.  

6.2.3.3 Variation of caudal fin stiffness 

The difference in material stiffness leads to a different elastic displacement due to the 

fluid surface pressure. Figure 6.9 shows the deformation over one oscillation cycle 

𝑇 = 1 𝑓⁄  of the Foamex material in case 4. Clearly visible is the formation of vortices. 

 

Figure 6.9 Elastic displacement of Foamex tail plate. (Wright et al., 2023a). 

A comparison of the three caudal fin materials shows differences in the force 

magnitude as well as differences in elastic displacement wave shape. A comparison of 

the mean thrust in Figure 6.10 does not reveal a clear advantage for any of the three 

materials for the tested geometries. However, a trend towards improved thrust 

performance with increased stiffness is visible which may be explained by 

unfavourable elastic displacement of the less rigid materials. 

 

Figure 6.10 Overview of net thrust between case pairs of different materials at a constant 

amplitude and frequency. (Wright et al., 2023a). 

Figure 6.11 to Figure 6.14 present the instantaneous force curves of all cases. The 

figures are arranged to compare the performance of the three materials at varying 

frequency and amplitude. 
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Figure 6.11 𝑐𝑎 =  10, 𝑓 = 1. (Wright et al., 2023a). 

In terms of optimal curve progression, ideally the sinusoidal undulation motion 

translates into smooth sinusoidal force curves, where the cycle mean side force is zero 

and the cycle mean normal force is positive. Force curves of Figure 6.11 and Figure 

6.12 differ in actuation amplitude and are equal in actuation frequency. The resulting 

side force curves are significantly smoother for the higher amplitude. Potential reasons 

may include resonance effects, and improved fluid structure interaction at the selected 

parameters. 

 

Figure 6.12 𝑐𝑎 =  15, 𝑓 = 1. (Wright et al., 2023a). 
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However, the normal force for both amplitudes shows strong fluctuation suggesting 

non-smooth acceleration. Out of all amplitude and frequency parameter combinations 

Figure 6.14 records the smoothest curves in lateral and normal force directions. 

 

Figure 6.13 𝑐𝑎 =  10, 𝑓 = 1.5. (Wright et al., 2023a). 

Non-smooth force recording, in for example Figure 6.13, show no resemblance with 

the input actuation parameters, further suggesting complex fluid structure interaction 

and non-smooth elastic deformation of the tail fin. In contrast, smooth recordings, in 

for example Figure 6.14, show good agreement of the force peaks according to the 

actuation frequency.  

 

Figure 6.14 𝑐𝑎 =  15, 𝑓 = 1.5. (Wright et al., 2023a). 
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Ideally, the elastic caudal fin extends the main body’s undulation shape and allows for 

smooth vortex shedding. Results show that the actuation amplitude frequency and 

stiffness have a strong influence on the swimming stability as well as thrust generation. 

6.2.1 Conclusion on experimental thrust measurements 

Extensive lab testing was conducted to test and assess the basic functions and 

performances of the robot protype. All tests are conducted in a lab environment at the 

Kelvin Hydrodynamics Laboratory (KHL) at the University of Strathclyde over a 

number of days, however, each of the presented data sets are recorded in a single day 

to reduce inconsistencies between data points. The KHL has two water tanks, a large 

towing tank measuring 76x4.6x3 m (LxWxD) and a smaller size wave tank measuring 

9x3.15x1 m (LxWxD); both are used to test the prototype robot. 

The tested robot configuration consists of a head and tail module and 2 body modules, 

resulting in a total swimmer length of 907 mm with the joints located at 248 mm, 444 

mm and 652 mm along the body. 

Thrust generation is a fundamental function of the created prototype. The efficiency at 

which the electric energy stored within the batteries is converted to kinematic energy 

is highly variable and influenced by the tail fin material and kinematic parameters. 

Therefore, a test apparatus is created to perform experimental measurements of the 

created forward force for a variation of tail fin materials and body kinematics. 

The experimental tests analyse three different tail plate materials, representing a hard, 

medium and soft material, the undulation wave frequencies are 𝑓 = 1 𝐻𝑧 and 𝑓 =

1.5 𝐻𝑧, and the undulation wave amplitudes are 𝑐𝑎 = 10 and 𝑐𝑎 = 15. The resulting 

total number of investigated cases is 12. 

The created apparatus resembles a reversed bollard test. The custom-made test setup 

consists of an aluminium bar fitted with load cells in a particular arrangement to 

measure the forward and side forces, from the perspective of the robot. The robot is 

positioned in the water to push against the bar. Here, the robot head is fixed to the bar 

via a 3D printed adapter allowing for a single rotational degree of freedom. The setup 

is calibrated to convert the strain gauge voltage to a force value. Calibration results 
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confirm the accuracy and tolerance of the setup. Post processing of the acquired data 

ensures that the forward force measurements are taken when the cycle mean side force 

is equal to zero. This ensures a perpendicular position of the robot towards the strain 

gauge bar. Recorded data is processed through a low-pass filter, to cut out all 

frequencies above 2.5 times the actuation frequencies. 

Results confirm findings of previous studies in literature that the frequency is a suitable 

control variable to adjust the forward swimming speed. For a constant tail fin material 

and wave amplitude, an increasing frequency leads to increasing thrust generation. 

This was found to be also true when the amplitude is varied in all but one case. In other 

words, for a constant frequency and tail material, an increasing amplitude leads to 

increasing thrust generation. Results of tests of different tail fin materials indicate a 

varying level of complexity of the fluid structure interaction. In some cases, the 

measured wave form represents low fluctuation between crest and trough, while others 

show high fluctuation which is not removed by the low-pass filter. A general trend 

towards improved thrust generation for higher tail fin stiffness is observed.  

6.3 Experimental free-swimming measurements 

Unrestricted swimming tests make it possible to observe the stability of the highly 

dynamic system and provide first insights into the overall swimming performance 

including manoeuvrability and swimming speed. All free-swimming tests are 

presented for the setup described in Section 5.1 with a Foamex caudal fin. The 

presented results validate the ability of the robot to swim and manoeuvre, in other 

words, controlled change of swimming direction. 

6.3.1 Setup and calibration 

Qualisys is a vision-based system that senses the motion of reflective markers mounted 

on top of the robot. The setup consists of at least two cameras to sense 3DoF linear 

motion sensing and three cameras to sense 6DoF motion sensing including rotation. 

Figure 6.15 shows a schematic of a three-camera setup above the water tank and the 

cameras common field of view area on the water surface. The accuracy of the detection 

is 0.01 mm, and the sample rate is set to 300 Hz. 
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Figure 6.15 Schematic of motion capturing setup around water tank.  

Four 3D printed “tree” structures, each with four reflective markers, are mounted on 

the top of the swimmer. Two different size reflective ball diameters are used; 1 cm 

diameter shown in Figure 6.16 and 3 cm diameter shown in Figure 6.19. The bigger 

reflective ball diameter improved detection over larger distances and area. Prior to 

testing, the Qualisys system is calibrated using a calibration probe of known size and 

defined marker spacing. 

 

Figure 6.16 Curved MMBAUV in water with four reflective markers. (Wright et al., 2023a). 

6.3.2 Investigated parameters 

The presented free-swimming manoeuvring and turning tests provide a first result of 

the minimum turning radius. A parametric study is conducted to measure the velocity 
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for the straight swimming robot with an attached Foamex tail plate. Equal servo input 

amplitudes are varied between 30 to 70 degrees in steps of 10 degrees, translating to 

joint amplitudes of 11.25, 15, 18.75, 22.5 and 26.25 degrees, and actuation frequencies 

of 0.4 Hz, 0.6 Hz and 0.8 Hz. Higher frequencies are representable by the protypes 

hardware; however, observations have shown high roll instabilities when undulating 

at higher frequencies, which leads to difficulties in motion capturing and wireless data 

transmission. Table 5-2 provides an overview of all tested cases. 

Table 6-2 Overview of free-swimming velocity parameters 

 𝑐𝑎 = 30 𝑐𝑎 = 40 𝑐𝑎 = 50 𝑐𝑎 = 60 𝑐𝑎 = 70 

𝑓 = 0.4 𝐻𝑧 Setup 1 Setup 2 Setup 3 Setup 4 Setup 5 

𝑓 = 0.6 𝐻𝑧 Setup 6 Setup 7 Setup 8 Setup 9 Setup 10 

𝑓 = 0.8 𝐻𝑧 Setup 11 Setup 12 Setup 13 Setup 14 Setup 15 

6.3.3 Results and discussion 

6.3.3.1 Turning 

BCF swimmers manoeuvre by curving their central line, as numerically investigated 

in Section 4.1. Basic lab tests have confirmed the ability of the robot to curve and 

generate thrust. Presented manoeuvring lab test results took place before the numerical 

investigation and, therefore, do not follow up on the findings of Section 4.1. 

Experimental validation is planned for the future. 

Importantly, body curvature moves the centre of mass of the robot. Curving leads to a 

slight tilt angle towards the inner curved side. Individual balancing and ballasting of 

each module, in comparison to balancing and ballasting the whole robot configuration, 

reduces the extent the robot leans to one side to maintain a stable position in the plane. 

To reduce the influence of waves reflecting back off of the walls, the robot is 

positioned at the centre of the common camera area and the water is given time to calm 

before setting the robot in motion. Stable swimming performances for curved 

swimming trajectories throughout the whole capture area is achieved. Figure 6.17 

shows the trajectory of the four attached reflective markers. The data is recorded with 



126 

 

a constant amplitude envelope at 𝑐𝑎 = 10 , equal joint offset of 𝑐𝑠 = 70  and a 

frequency of 𝑓 = 1 𝐻𝑧.  

 

Figure 6.17 Cambered robot body circle trajectory. Starting position highlighted by black 

dots (Wright et al., 2023a). 

Starting from a resting position, Figure 6.17Error! Reference source not found. 

shows the robot reaches a stable circular trajectory. The head module follows the 

smallest radius of circa 300 mm and tail fin joint follows a larger radius of circa 

1400mm. Recorded data of roll pitch and yaw is shown in Figure 6.18 and corresponds 

to the data in Figure 6.17. The dynamic roll and pitch amplitudes are recorded to be 

circa 2.5 and 2 degrees respectively. Static pitch and roll amplitude are recorded at 

around 8 and 10 degrees respectively. The time for one full circle is approximately 35 

seconds resulting in an angular velocity of 10 degrees per second. 

 

Figure 6.18 Roll, pitch and yaw trajectories of multiple circles (left column) and focus on a 

single circle (right column). (Wright et al., 2023a). 
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Figure 6.18 highlights the stable manoeuvring performance by showing the high level 

of repeatability for each turning circle. Next to the expected repeating yaw angle, 

which moves between minus and plus 180 degrees, the pitch and roll also show a 

repeating pattern. Roll and pitch both oscillate between ca. plus and minus 10 degrees. 

Both signals show a stable phase difference of around 22.5 degrees or one eighth π.  

6.3.3.2 Straight swimming velocity tests 

As discussed in Section 2.2, determining the efficiency of a self-propelling swimmer 

remains challenging. The self-propelled swimming velocity is an indicator of the 

technical ability of the system to transform electric energy into kinetic energy. In the 

following, a series of measurements are presented to investigate the quasi-steady 

swimming speed of the robot for different kinematic parameters. Conducted in a 

towing tank in still water, the robot is positioned at the centre of the tank parallel to 

the tank walls. Figure 6.19 shows the robot in its initial position. Setting a constant 

amplitude envelope resulted in reduced roll instability, compared to, for example, a 

linear amplitude envelope due to the undulation axis symmetry and counter balancing. 

 

Figure 6.19 Photo of robot velocity measurement setup. 

Figure 6.20 plots the recorded maximum quasi-steady state mean velocity of each 

amplitude and frequency combination. Results confirm the trend of the force 

measurements in Section 6.2 that an increase in amplitude and frequency lead to an 

increase in swimming velocity. Striking is the near linear relationship between 
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frequency and velocity. The maximum and minimum measured velocities are 0.5 m/s 

and 0.03 m/s corresponding to 0.57 and 0.03 body lengths per second. 

 

Figure 6.20 Overview of experimentally measured cycle-averaged maximum swimming 

velocities.  

Joint yaw actuation also resulted in recorded periodic pitch and roll motion. Figure 

6.21 shows an overlay of the recorded yaw and roll occurring at frequency 0.6 Hz and 

joint input amplitudes of 30 and 40 degrees. After a transition period, yaw and roll 

progress with constant amplitude and frequency. Results show the roll frequency 

𝑓𝑟𝑜𝑙𝑙 =
1

𝑇𝑟𝑜𝑙𝑙
≈ 0.6 𝐻𝑧 is equal to the yaw actuation frequency and an increasing yaw 

amplitude leads to an increasing roll amplitude. A minor offset of the recorded roll 

motion may be explained by small imperfections of the ballasting as well as 

inaccuracies of the zero position of the joints due to the timing belt gear spacing. 

 
(a)      (b) 

Figure 6.21 Comparison of experimental data of 0.6 Hz and 𝑐𝑎 = 30 and 𝑐𝑎 = 40 

(a) instantaneous yaw and (b) instantaneous roll.  
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As shown in Figure 6.22, both setups show a similar progress of forward average 

velocity. Following similar initial acceleration, both show a drop after two full body 

undulations, after approximately five seconds, followed by a subsequent velocity 

increase. The measured maximum velocity, sampled at 19 seconds, is 140 mm/s and 

186 mm/s. 

 

Figure 6.22 Average forward velocity of two experimental measurements. 

6.3.4 Conclusion on experimental free-swimming measurements 

A great deal of effort has been put into creating an untethered prototype to achieve 

unrestricted swimming motion. Free-swimming motion is recorded through a motion 

capturing system from Qualisys AB. The setup sees a number of cameras, focused on 

a common area, able to detect reflective markers attached to the robot. Through 

calibration and detection of the reflective markers at a defined distance it is possible 

to reconstruct the 6DoF and 3D position and motion of the robot. It is possible to derive 

the displacement velocity and acceleration data based on the discrete trajectory data.  

Fast motion and wide recording angles provide challenges to taking measurements and 

at times led to failure of detection and subsequent loss of data. However, it is possible 

to interpolate data points to fill minor gaps in data. Results of a turning manoeuvre are 

presented for a fixed amplitude, offset and frequency. The body curvature of the robot 

leads a changing heading direction, vectoring of mean thrust, a resulting moment and 

a stable turning trajectory. The achieved minimum turning radius of the head is 300 
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mm, equal to one third of the body length. Recordings of pitch and roll reflect the 

periodicity of the undulation motion. 

The free-swimming forward speed is measured for a range of undulation amplitudes 

and frequencies. The tests aim to provide insight into the ability of the system to 

convert electrical energy into kinetic energy as an indicator of the efficiency. The 

experimental parametric study is conducted for a range of undulation amplitudes and 

frequencies at a constant amplitude envelope and wavelength of 2π. All tests are 

conducted using the Foamex tail plate. The free-swimming tests confirm that the 

frequency and amplitude are suitable control variables to regulate the swimming speed 

of the robot. Increases in frequency lead to a near linear increase in swimming speed 

for all tested amplitudes. 

6DoF motion tracking confirmed the robot undulating at input frequency. Recordings 

show that the robot periodically moves in roll equal to the undulation frequency and 

that an increase in undulation amplitude leads to an increase in roll amplitude.  

A comparison of the mean forward speed for two amplitudes at equal frequency shows 

a steep acceleration and subsequent deceleration followed by a slow climb towards 

final velocity. The stark acceleration aligns with the first full body undulation sweep. 

Overall, the free-swimming tests highlight the functionality of the created system and 

potential for efficient, agile and manoeuvrable swimming. 

6.4 Comparison of experimental and numerical model 

Numerical models enable virtual testing of physical systems. Models may be limited 

by simplifying assumptions to reduce computational expense, a lack of available data 

and understanding of physical phenomena or unknown system dynamics. Developing 

accurate numerical models remains a key challenge and is increasingly difficult for 

complex systems. The bio-inspired robot prototype represents such a complex system. 

In the following, a comparison is attempted between the numerical model described in 

Section 3.2.3 and experimental free-swimming results presented in Section 6.3.3.2. 
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6.4.1 Setup 

A CFD multi-body simulation, applying the model described in Section 3.2.3, is setup 

to resemble the experimental setup in 6.3.3.2. The setup uses an identical solver setup 

as presented in Section 5.3. Figure 6.23 shows the created robot geometry as a 2D 

cross section within an 18x4.6 m (LxW) mesh domain. The unstructured mesh is setup 

with an increased mesh density zone around the robot and its forward path. The size 

of the mesh at the swimmer boundary is ∆𝑥𝑦=
1

333
 m and increases to ∆𝑥𝑦=

1

33
 m in 

the far field, resulting in 32011 total mesh nodes. The time step is set to ∆𝑡𝑠 = 0.001 

seconds. 

 

(a) 

 

(b) 

Figure 6.23 (a) Schematic of CFD domain setup (b) meshed domain. 

6.4.2 Comparison results and discussion 

Figure 6.24 plots the error of the quasi-steady state cycle-averaged velocity between 

CFD and experimental data as a percentage change and absolute error. An overall 

match can be considered poor for the frequencies 0.4 Hz and 0.8 Hz but be seen as 

improved for the frequency 0.6 Hz. A linear trend is visible with the best prediction 



132 

 

around the medium frequency of 0.6 Hz. Noticeably similar is the error for different 

actuation frequencies, which may suggest a common source of error. The largest 

negative absolute error remains below 0.1 m/s and the largest positive absolute error 

is just below 0.15 m/s. 

  

(a)       (b) 

Figure 6.24 Quasi-steady state velocity error between CFD and experimental data (a) in 

percent and (b) absolute error in meters per second. 

Figure 6.25 (a) shows a comparison of experimental and numerical data of the lateral 

velocity for setup 6 of Table 6-2, 𝑓 = 0.6 𝐻𝑧 and 𝑐𝑎 = 30. Both curves show a high 

degree of agreement where the actuation frequency is noticeably visible in the 

periodicity of both signals. Figure 6.25 (b) shows a comparison of the forward velocity 

of the same setup where the experimental results reach an overall higher velocity. The 

forward velocity curves do not match as well as the lateral velocity curves in absolute 

values and in progression. 

 

   (a)      (b) 

Figure 6.25 Comparison of experimental and numerical instantaneous velocity for frequency 

f = 0.6 Hz and 𝑐𝑎 =30 in (a) lateral and (b) normal direction. 
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The conducted CFD simulations are two dimensional to reduce computational time 

and resources. In contrast, the real robot is allowed unrestricted motion in three 

dimensions. Energy conservation leads to the CFD model assumption that all input 

energy remains within a 2D plane and neglects, for example, roll motion depicted in 

Figure 6.21(a). Roll may appear due to a non-neutral position of the centre of mass. 

During experiments, a low centre of mass is desirable as it will create a restoring torque 

to keep the robot upright and reduce roll. 

Typically for a numerical simulation, the CFD model uses a simplified geometry and 

a non-slip wall boundary condition. However, the robot is subject to surface roughness 

and imperfections. Further, for practical reasons added ballast is placed at the bottom 

of the head enclosure, visible in Figure 6.2, to balance the low buoyancy of the fin 

module. This results in increased drag. The elasticity of the caudal fin is a further 

significant factor not taken into consideration. 

The CFD simulation does not consider elastic bending experienced by the 

experimental caudal fin. The general importance of the tail fin was established in a 

work by Kelasidi (2018). The numerical tests in Section 3.2 and experimental tests in 

Section 5.2.2.3 have shown that the elasticity of the caudal fin also affects thrust 

performance. 

The CFD model assumes a fully submerged robot at neutral buoyancy, where the 

density of the robot is equal to the density of the water. In contrast, the experimental 

robot is required to swim close to the surface of the water to maintain wireless 

Bluetooth communication, which is implemented to realise a low cost, untethered 

prototype. 

Problems of non-fully submerged objects are categorised as free-surface problems in 

which both the air and water domains need to be considered. Effects not present in 

fully submerged objects, such as resistance caused by waves, may occur. 

The multi-body algorithm assumes fully compliant joint motion true to the input 

signal. The synchronous motion of the magnetic joint is proportional to the load angle 

and the related restoring torque. This results in a phase shift between the drive and the 
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driven shaft, which may cause the joint to not accurately represent the input signal. 

Inertia forces, appearing during the rapid rotational direction changes of the periodic 

oscillation motion may further contribute to a phase difference between load sides, 

depending on the actuation frequency and amplitude. Nevertheless, Figure 6.25 (a) 

shows that the frequency of the yaw motion remains true to the input frequency, but 

the amplitude may differ from the input amplitude. This needs to be confirmed in 

future experiments where focus needs to be placed on distinguishing between the 

global yaw motion of the robot and the joint yaw motion. 

The robotic prototype represents a complex mechatronic system consisting of various 

mechanical and electronic components subject to individual efficiencies and potential 

lag. While the CFD simulation does consider the multi-body nature of the robot, it 

does not include any consideration of the mechatronic systems, including dynamics 

relating to the actuators, timing belt or power system. 

Every experiment is subject to measurement uncertainty including, but not limited to, 

model manufacturing accuracy, sensor accuracy and random uncertainties. While it is 

possible to clearly define initial conditions in the CFD simulation, experimental 

conditions, although carefully controlled, may vary to a small degree. For example, 

during the conducted experiments, it proved extremely difficult to position the robot 

at a stable position at absolute zero velocity. 

6.4.3 Conclusion on comparison of experimental and CFD simulation 

Experiments and CFD simulations are both important tools in understanding bio-

inspired locomotion and developing efficient robotic systems. CFD simulations aim to 

achieve a high degree of accuracy and to be able to correctly predict the dynamics of 

the robot prototype and fluid structure interaction between the robot prototype and 

surrounding water. 

A comparison is made between the applied CFD multi-body simulation and results of 

the hydrodynamic lab experiments. To make the comparison, the experimental 

measurements of Section 6.3.3.2 are repeated within the CFD multi-body simulation 

described in Section 3.2.3. 
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The discussion acknowledges the fundamental differences of the two approaches, such 

as the 2D simulation model versus the 3D experimental model, fully compliant joints 

versus joints with more complex magnetic coupling dynamics and a lack of 

consideration of electric motor and mechanical efficiencies within the CFD multi-body 

simulation. Further significant factors not accounted for in the CFD simulation are the 

elastic bending of the tail fin plate and the robots swimming location close to the 

surface, which is considered a free surface problem. A comparison of the whole data 

set of the parametric study shows an error between CFD and experimental data with 

linear progression.  

The CFD simulation overpredicts the swimming velocity at the lower tested frequency 

and underpredicts the swimming velocity at the higher tested frequency. The lowest 

error between both approaches is achieved at medium frequencies for all combinations 

of amplitude and frequency. This suggests a common error. 

A comparison between simulation and experiment of instantaneous velocities shows a 

poor agreement of the forward velocity, but a high degree of agreement for the lateral 

velocity. The results may suggest good performance of the magnetic joints by not 

showing significant delay between the two coupled modules. Recorded differences in 

forward swimming velocities may be explained by the difference in the rigidity of the 

caudal fin. 

Overall, the largest observed simulation error predicted swimming velocity is +55% 

for low frequencies and negative 60% for high frequencies. At medium frequency, the 

velocity prediction error ranged between +/-10%. Current results are unsatisfactory 

and require improvement. The comparison may not factor the CFD simulation as being 

generally inaccurate because previous validation and testing has proven its accuracy. 

Rather, it highlights the challenges of modelling the complexity of physical systems. 

CFD modelling, prototyping and experimental testing share the common goal of 

advancing knowledge of autonomous propulsion yet put emphasis on different aspects. 

Overall, both methodologies complement each other and are important tools in 

furthering the understanding of fish locomotion and the creation of bio-inspired 

underwater vehicles. Future research shall assess the impact of the differences between 

both models, of which some may be neglectable. 
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Chapter 7 Thesis Conclusion and Future Work 

Fish inspire scientists and engineers alike to study fish swimming and transfer 

knowledge into bio-inspired underwater robots with the aim to create superior vehicles 

in terms of efficiency, manoeuvrability, resilience and ability to adapt to complex 

environments. After more than a century of research into fish and fish locomotion, bio-

inspired robots still fall short of their natural inspiration and a comprehensive 

understanding of fish locomotion remains to be contained behind the complex 

interplay of fluid structure interaction, fish physiology and behaviour. 

In this study, numerical and experimental investigations are conducted to enhance the 

understanding of bio-inspired propulsion and manoeuvring. For both methodologies, 

contributions to knowledge are made. Ultimately, this work draws its strength from 

the wide range of applied methodologies reflecting the interdisciplinary nature of the 

research subject of bio-inspired autonomous underwater vehicles. 

This thesis achieves all its initially set goals as set out in Section 1.5. In detail, chapter 

three describes and establishes CFD simulations coupled with a linear control 

algorithm. The ability to control a swimmer model within a CFD simulation enables 

simulating unsteady locomotion beyond traditional CFD simulations of flow over 

static geometries or fully prescribed kinematics. For a self-propelled swimmer, the 

swimming states may no longer be predetermined but adjusted by a closed feedback 

control loop. Chapter three continues to establish three control strategies by defining 

the feedback control error functions which are then applied in three numerical 

investigations in chapter four.  

The three investigations in Chapter four focus on the optimal manoeuvring kinematics 

of BCF swimmers as well as an assessment of the thrust performance of an 

approximate elastic tail fin of different rigidities and an investigation into the station 

holding performance of a free-swimming elastic plate at different Reynolds numbers 

and distances to a cylinder in the wake. 

Designing and building a bio-inspired underwater vehicle provides challenges 

distinctly different to numerical modelling and analysis. Chapter five describes the 
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design and construction of a new modular, bio-inspired underwater vehicle, which 

achieves static water tightness and true mechanical modularity through the novel 

application of synchronous magnetic couplings. The final presented design is a small 

size, fully 3D printed prototype of circa 1 meter length including a replaceable elastic 

tail fin. 

Chapter six describes extensive hydrodynamic laboratory tests to test and assess the 

swimming performance of the created prototype. Buoyancy and ballasting tests are 

conducted, starting from the construction stage of the robot. Experimental 

measurements are taken for thrust and free-swimming trajectories. Thrust 

measurements are taken through a custom-made reversed bollard test stand for 

different actuation parameters and tail plate materials. The trajectories of the free-

swimming robot for different kinematic parameters are recorded using a motion 

capturing system. 

Overall, the created methodologies and platforms, numerical and experimental studies 

provide a great opportunity to be continued and extended in future research. The CFD 

simulations coupled with control may be extended, for instance, to a wider set of 

parameters and control strategies. The created bio-inspired robot platform provides 

high potential to be extended and refined, for example, to create and build a modular 

self-assembling robot or a robotic arm. A patent was submitted for the robot design 

which underlines its novelty and commercial potential.  

Both general research questions are fundamental enough to maintain sufficient space 

for future research and may never be answered in their entirety. This work has 

attempted to contribute to answering the general research questions through 

investigations guided by the specific research questions also outlined in Section 1.5. 

Section 4.1 investigated the optimal body curvature of a manoeuvring Body Caudal 

Fin swimmer. The investigation compared three curvature envelopes (linear 

increasing, linear decreasing and constant curvature) at three Reynolds numbers (2000, 

1500, 1000). The numerical simulation results show an advantage of low head and 

high tail curvature for lowest power lowest radius turns. The curvature bias towards 

the tail increases the turning moment, reduces the counter turning moment over one 
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undulation cycle and maintains a head position in front of the passing fluid to create 

an additional positive turning moment creating surface pressure. 

Future investigations may increase the parameter space and further look at quadratic 

or exponential curvature envelopes as investigated in amplitude envelope studies. 

Further, future studies may expand the investigation into turbulent flow at higher 

Reynolds numbers. Future work may investigate and compare experimental fish data 

against CFD data for a comprehensive study on animal behaviour.  

Section 4.2 compared caudal fins with three different material stiffnesses and actuated 

with different pitching frequencies. Results indicate that softer materials show greater 

trailing edge deflection and their amplitude is more sensitive to frequency changes 

compared to harder materials. Hard materials maintain a steady amplitude across 

frequencies, while medium rigid materials increase in amplitude with higher 

frequencies, peaking at medium frequencies for the softest materials. The phase 

difference between leading and trailing edges reflects elastic displacement, with 

medium and soft materials showing larger deflections and wave-like behaviour. 

Medium rigid materials have the highest fluctuation in instantaneous body force, with 

higher frequencies resulting in greater thrust peaks and overall power expenditure; 

however, they generally consume less energy than soft and hard materials, performing 

better energetically. Future studies may be extended to a wider range of material 

properties and actuation parameters. Extending the study may also make it possible to 

draw a more general conclusion on the hydrodynamic performance.  

Section 4.3 contributed results to answer the question on how a swimmer interacts with 

a bulk body located downstream during dynamic position holding. Results highlighted 

that the presence of a cylinder behind a bio-inspired swimmer reduces the drag on both 

the swimmer and the cylinder. The drag acting on the cylinder decreases until the plate 

is within 2 body lengths, then increases with closer distances. For a self-propelled 

swimmer, energy required to swim and hold position decreases as the distance to the 

cylinder decreases, with significant power drops when within 1 body length. Higher 

Reynolds numbers result in lower power expenditure, making them more energetically 

favourable, while closer distances to the cylinder slow convergence to a quasi-steady 

state and reduce the required amplitude for lower power. The interaction between the  
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low-pressure zone of the cylinder and the reversed vortex street of the plate explains 

the improved hydrodynamic performance. Future studies may expand the investigation 

to include materials of different properties and kinematic actuation parameters. 

Further, the bulk body may be represented by different geometries including 

fundamental geometric structures and geometries of real-world structures. 

Additionally, future studies may investigate the interaction of a swimmer and a bulk 

body at different relative positions, such as swimming in the wake or to the side of a 

bulk body. The current investigation is limited to flow assumed to be laminar, 

therefore, future studies may be extended into turbulent flow.  

The experimental part of the study, starting in Chapter 5, consists of the design, 

construction and testing of a bio-inspired underwater prototype. Early in the design 

process the focus is put on a modular body caudal fin swimmer represented by discrete 

modules connected in series. The prototype is designed with a focus on optimal 

swimming performance, modularity and suitability for lab testing. Features to enable 

optimal swimming performance include a low drag slender design including low drag 

head module and continuous side surface to enable smooth fluid acceleration. 

Modularity is considered in the mechanical, electrical and software design. The 

magnetic joint design represents a key novelty that enables true mechanical modularity 

through magnetic torque transfer and without a fixed mechanical coupling between 

modules. Basic electronic modularity is achieved through common module design to 

create independent modules and redundancies throughout the robot. Guided by the 

electronic design, the robot is controlled and collects sensor data through Bluetooth 

communication between each module and a central PC. 

Future designs may investigate different shapes and the addition of pectoral fins to 

further decrease drag and increase roll stability respectively. Also, the magnetic joint 

design may further mature, miniaturise and optimise to strengthen torque transmission 

and the inclusion of an active decoupling mechanism. A common electronic module 

structure may be maintained, however, each module may be specialised to house a 

certain internal or external operational function, such as sensors, data processing, and 

power storage. Modularity overall provides a strong path for future development to 

enable low cost, easy to deploy, recover and repair underwater vehicles. The 
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construction may be improved through application of different 3D printing methods 

and traditional material processing techniques. The robot may be enabled to dive 

through joint rotation, the addition of a joint degree of freedom or via hydrofoils acting 

as pectoral fins for down force lift. For a further matured design, lab testing may 

continue for hydrodynamic optimisation and may be enhanced with lab testing 

focussed on control and operation optimisation.  

Chapter 6 describes extensive lab testing of the prototype, to assess its basic operating 

ability and swimming performance. Results show that the prototype fulfils all its 

functional objectives combined with excellent swimming performance.  

The first investigation focusses on the thrust generation of the robot. An experimental 

parametric study is conducted comparing the thrust generation of different tailfins with 

different material stiffnesses. Results align with previous studies in literature that show 

an increasing frequency increases the generated thrust. Similarly, increasing amplitude 

at a constant frequency and tail material also boosts thrust. Tests with different tail fin 

materials revealed varied fluid structure interactions, with higher stiffness generally 

leading to improved thrust generation. Future studies may expand the tested material 

stiffness and kinematic parameters. In nature, flexible appendages are found in 

numerous different shapes and can be variable in stiffness. Future studies may consider 

the tail fin material, stiffness variation distribution and mechanisms in more detail. The 

applied methodology represents a sufficiently accurate and robust measurement 

methodology; however, it may be extended by measurement of the joint load angle to 

test the mechanical design of the prototype.  

Free swimming tests assess the dynamic thrust and stability performance of the robot. 

After balancing, the robot has shown to swim stably and has the ability to manoeuvre 

stably throughout the lab testing tank. By continuing undulation around a curved 

central line, the robot is able to manoeuvre stably horizontally. Future investigations 

may extend the investigation across different kinematic parameters and may focus on 

the dynamic stability and its contribution to the swimming performance. The current 

prototype is remotely controlled; implementing sensors and autonomous control 

algorithms will be the next step in the development. 
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Acknowledging the challenges of measuring the efficiency of the prototype, a 

parametric study is conducted on the maximum swimming speed for varying 

amplitude magnitudes and frequencies with a constant amplitude envelope. 

Measurements show the robots ability to swim at fast speeds of up to 0.5 m/s which 

corresponds to around 0.5 body lengths per second. In accordance with the thrust 

measurements, an increase in frequency or amplitude results in increased velocities. 

Tests focused on a constant amplitude envelope mainly due its more stable swimming 

performance. Future investigations may expand the tested kinematic parameters and 

investigate different amplitude envelopes in terms of performance and swimming 

stability. Further, future investigations may include thrust enhancing or drag reducing 

measures, such as varying the caudal fin geometry and/or material and different 

module shapes respectively. 

The final part of the thesis compares numerical and experimental results of a setup that 

corresponds to the free-swimming speed measurement described in section 6.3.3.2. 

Compared are the steady state velocity and instantaneous velocity of both 

methodologies. Overall, good agreement of the velocity magnitude is achieved, 

however, a comparison in terms of relative velocity may be considered poor. The 

comparison provides a discussion of the general differences of the methodologies and 

potential sources of mismatch. Future work may further align both methodologies by 

enhancing the numerical simulations to take details of the mechanical and electrical 

subsystem into account or put further emphasis on digital representation during the 

design and build process of the prototype. Future comparisons may be attempted, in 

particular in relation to the manoeuvring results in Section 4.1. 

In conclusion, the author hopes the presented results prove useful to the scientific and 

engineering communities. The applied numerical and experimental methodologies 

have allowed for new investigations to support data generation and analysis of 

unsteady fish swimming. Further, created simulation methodologies and the robot 

prototype provide an excellent basis for future research work.  
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Appendix 

Web link to Case and UDF files Section 3.1 single body simulation:  

 

https://github.com/marvinwright/Single_body_case_and_UDF/tree/feff18de734ab9a

395bc8fd5364a3471d8aa4fb8/simulation%20files 

 


