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Cordelia, from Welsh “Creiddylad”, means “jewel of the sea”,  
or from French "coeur de lion”: “lionheart”.



Abstract 

Despite the rapid proliferation of underwater infrastructure and 

machinery, and a growing interest in underwater scientific research, 

skilled divers and complex machinery are presently the only common 

means to that end; however they are limited by their cost, complexity, 

and practicality. Making underwater research, inspection, and 

maintenance more readily accessible will introduce a wealth of 

research opportunities, and improve the efficiency, safety, and 

reliability of underwater machinery and infrastructure. This 

report explores the viability of an alternative solution: 

employing a simple and cost-effective remotely-operated 

submersible — Flatfish — that retains the functionality of 

traditional methods while improving usability. The proposed 

solution design features a pair of retractable mechanical 

arms with mounts for interchangeable tools and sensors; a 

gimbal-mounted camera for streaming live video; three 

sets of thrusters enabling multi-axis movement; multiple 

water ingress protection systems; and a floating wireless 

communications hub — LilyPad. It is remotely operated 

through a software controller that uses an innovative trackpad 

joystick, negating the need for specialised hardware. Full 3D models, 

physical prototypes, printed circuit boards, and alpha software were 

designed and refined; computational fluid dynamics and static 

stress analysis were used to ascertain Flatfish’s hydrodynamic 

properties and the structural integrity of its components. This 

paper concludes that the proposed solution can conceivably be a 

viable alternative to existing solutions, particularly for hobbyists and 

smaller organisations with fewer resources, for whom the need for 

underwater research and maintenance may not be critical enough to 

warrant divers or complex machinery, but would still be desirable. 
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Introduction 

Humanity’s curiosity, ingenuity, and ambition has driven us to 

continuously push frontiers, seek adventure, and embrace the 

unknown. For millennia, our ancestors have been enchanted by the 

magic of the oceans; from the dug-out canoes of old to the 

gargantuan ocean liners of today, conquering the vast expanse of blue 

has always occupied the hearts and minds of the best thinkers of 

every age. 

Even as modern technology enables faster and more affordable mass 

transport, oceans and seas still form an integral part of our lives. 

Maritime shipping routes form the backbone of global logistics 

chains; ocean-based industries provide employment for tens of 

millions (Organisation for Economic Co-operation and Development 

[OECD], 2017); and oceans are a treasure trove of natural and social 

sciences. 

Underwater environments can pose unique challenges. Underwater 

infrastructure and machinery are more prone to damage, and the 

process of inspection and repair is more complex; cost-conscious 

businesses may therefore be forced to make undesirable tradeoffs 

between safety and profitability. Underwater scientific pursuits can 

often be hampered by cost and accessibility, limiting it to only a select 

few who have the resources to do so. 
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The underwater world is teeming with wonder, 
like this green reef sea-squirt on a soft coral. 

“Nhobgood” (CC license)

Oceans and seas are a treasure 
trove of science, and form an 
integral part of our lives. However, 
they pose unique challenges that 
can make it too costly, complex, 
or inaccessible for some. 
Providing an alternative solution 
will make it more accessible for 
hobbyists and small 
organisations.

more than 

31 million jobs 
Global oceans-based employment



Current solutions are far from desirable, often being too costly, 

impractical, and complicated for many. 

This project therefore aims to explore a novel approach to conducting 

underwater inspection, maintenance, and research that is easily 

accessible, especially by hobbyists and small organisations. 

Rationale 
The project will focus on two existing problems: underwater 

maintenance and underwater research. Despite being distinct fields, 

both face similar challenges involving cost, complexity, practicality, 

and accessibility. 

Underwater maintenance 

The ubiquity of artificial underwater infrastructure and machinery 

makes it inevitable that frequent repairs will need to be conducted to 

maintain their condition (Allen, Edwards & Shaw, 1992). Additionally, 

frequent inspections must be conducted to ascertain the safety and 

condition of these structures (Foresti, 2001). In some situations, such 

as when permanent underwater foundations or pipelines are in 

question, it may be prohibitively costly and impractical, or downright 

impossible, to move them onto dry land (McLeish, 1994), hence making 

it necessary to conduct repairs underwater. 

8
A US Navy diver files down the 
hull of a ship to conduct repairs.

Frequent underwater 
maintenance is necessary for 
proper safety and performance, 
but existing methods are too 
complex, expensive, or 
dangerous, so alternate methods 
should be sought for.



With the exception of non-challenging, shallow-water conditions, 

skilled professional divers or complex machinery such as submersible 

vehicles are required, making the cost potentially too high for some 

(Nixon, 2000). This may lead to potentially dangerous sacrifices being 

made when businesses are forced to choose between frequent 

inspections or cutting operating costs (Health and Safety Executive 

[HSE], 2018). Furthermore, in hazardous water conditions with 

dangerous contaminants, water temperatures and currents, human 

divers may face a significant risk of injury or loss of life (Naval Sea 

Systems Command [NAVSEA], 2008). Complex machinery capable of 

performing maintenance and repair are generally expensive and 

technically complex, requiring skilled operators and supporting 

equipment. 

It would therefore be reasonable to seek an alternative solution, which 

would allow for repairs and inspection to be conducted underwater, 

even in potentially hazardous situations, which do not require large, 

costly, and complex machinery. 

 A US Navy diver salvages a sunken machine engine.
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Dangerous sacrifices might be 
made when businesses are forced 
to choose between profitability 
and safety.



Case study: The Atlantic Raider 

On the morning of 28 October 2016, a towing vessel, the Atlantic 

Raider, arrived at Blount Island Channel, in Jacksonville, Florida, 

having been loaded with 98,000 litres of fuel (National Transportation 

Safety Bureau [NTSB], 2018). 

Five hours later, the ship began to list to its port side. Efforts by the 

crew to correct the lean by shifting fuel were unsuccessful; as it 

worsened, water began flooding the lower engine room through an 

open door. The crew manoeuvred the boat to a shallower bank, 

though doing so worsened its lean to about 45 degrees before it 

grounded, leaving the engine room and the main deck fully 

submerged. The three crew members were able to disembark without 

injury (NTSB, 2018). 

Following the incident, a layer of leaked fuel about 2.5  centimetres 

thick was seen near the vessel, and an oil sheen extended for nearly 

5  kilometres from the accident site. Despite pollution abatement 

work, an estimated 7,500  litres of diesel had leaked into the 

surrounding environment and was not recovered. The incident caused 

an estimated 800,000 to 1.2 million USD (1 million to 1.6 million SGD) of 

damage (NTSB, 2018). 

Subsequent investigations by the NTSB determined that a hull 

fracture, gone unnoticed, at the stern of the boat had allowed water to 

enter the ship, resulting in its flooding. The 98,000 litres of fuel 

onboard at the time made the boat heavier more than normal, putting 

the hull fracture below the waterline. The captain of the boat stated 

that he was unaware of the fracture until after the incident (NTSB, 

2018). 

The case of the Atlantic Raider brings into question the procedures 

for ship inspection and maintenance. Presumably, had it been simpler, 

cheaper, and faster, inspections would have been conducted more 

frequently, and the fracture on the ship’s hull would have been 

addressed. The Atlantic Raider flooding represents a best-case 

scenario: the waters were calm and shallow, the boat was near land, 
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7500 litres  
Leaked fuel 

up to 

1.6 million SGD  
Estimated damage

 
The Atlantic Raider lies grounded 
sideways on a riverbank after its 
hull flooded.

The flooding of the Atlantic Raider 
due to an unnoticed fracture in its 
hull highlights the need for 
frequent inspection and 
maintenance. Had it been cheaper 
and simpler, it would have been 
more accessible and future 
disasters can be averted. 



there were no passengers on board, there were other vessels nearby 

to assist in the rescue, and the fracture on the hull was relatively 

small. One can imagine that if such an incident, where a critical defect 

went unnoticed, were to occur on a loaded passenger cruise ship, far 

from land in rough seas and without nearby rescue boats, the 

consequences would have been disastrous. 

Frequent inspection and maintenance is essential to ensure safety 

and performance, especially on underwater infrastructure and 

machinery, where corrosion and water ingress speed up the rate of 

wear. The development of cheaper and simpler methods for doing so 

would therefore foreseeably bring great improvements to maritime 

safety, reduce the possibility for environmental damage, and boost 

long-term profitability for companies. 

 
The hull fracture on the Atlantic Raider that led to its flooding 
AP Bordeaux
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To avoid future calamity, frequent 
inspection and maintenance is 
critical, especially underwater.



Underwater research 

Oceans, seas, rivers, and lakes offer an exciting opportunity for 

scientific research and discovery. With water bodies accounting for 

71% of the Earth’s surface area (United States Geological Survey 

[USGS], n.d.), and 50% to 80% of all life estimated to be water-

dwelling, it is the largest and most diverse ecosystem on Earth (United 

Nations Educational, Scientific, and Cultural Organisation [UNESCO], 

2017). Additionally, around 40% of the world’s population lives within 

100 kilometres of the coast, shipping accounts for 90% of the trade 

between countries, and the oceans-based economy accounts for 

3  trillion USD (4.1  trillion USD), about 5%, of global economy (United 

Nations [UN], 2017). Water bodies are rich with opportunity for 

conducting both natural and social sciences. 

Despite this, more than 80% of the world’s oceans are unexplored 

(National Ocean Service, 2018). This is largely because of the 

complexity and cost involved in underwater research, as it often 

requires a supporting team of staff or costly equipment (UNESCO, 

2017). Existing methods for conducting scientific research broadly 

suffer from the same limitations as those used in underwater 

maintenance, namely that of high costs, complexity, and a need for 

trained personnel. 

To encourage more underwater scientific research, especially 

smaller-scale endeavours, cheaper and simpler methods should be 

developed that make it open to more people and organisations. 
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A diver inspects the wreck of the MV Treasure near 
Robben Island, off the coast of South Africa. 
"Peter Southwood" (CC license)

50% to 80% 
of all organisms are water-
dwelling 

40% 
Share of world population that 
lives near coasts 

90% 
Share of global trade that 
depends on oceans 

Water bodies provide rich 
resources for the natural and 
social sciences.

Despite the fact that water bodies 
are a treasure trove of scientific 
study, research is limited by its 
complexity and costs. 

The cost and complexity of 
underwater research bars most 
from participating.



Existing solutions 
Existing methods for conducting maintenance work and scientific 

research underwater are less than ideal, being prohibitively 

expensive, not readily available around the world, involving risk to 

human life, facing a shortage of qualified workers, or requiring large 

amounts of infrastructure. 

A proposed solution would therefore need to solve these problems, 

thus being relatively cheap and simple to operate, and without any 

requirement for extensive prior training. 

Unmanned underwater vehicles 

Remotely operated underwater vehicles (ROVs) can be used to 

conduct repairs, surveying, and maintenance underwater. Such 

devices may be fitted with tools and arms to aid in their operations, 

and are typically connected to a controller by a tether (Christ & Wernli, 

2013).  

 

Owing to the large size of many ROVs, an accompanying vessel is 

often required to carry supporting equipment — such as a hoist to 

bring the vehicle onto the ship, a tether management system, and 

various other controls — thus making them impractical for those with 

An ROV is removed from the water by a mechanical arm and onto an accompanying 
vessel.
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While existing solutions do exist 
that can allow maintenance and 
research to be conducted, they 
have multiple issues that would 
benefit from resolution.

ROVs’ large sizes and equipment 
needs make them expensive, as 
well as being impractical for use in 
shallow and confined spaces. 

Notice the hoists and other 
equipment on this vessel that are 
necessary to operate this ROV.



limited resources. Furthermore, larger ROVs are difficult to 

maneuverer in confined spaces and shallow water (Azis et al., 2012). 

Divers 

Trained commercial divers are favoured for their expertise and 

experience in dealing with technically complex tasks or challenging 

environments (Divers Institute of Technology [DIT], n.d.). Human 

divers are better able to engage in intelligent decision-making than an 

autonomous device. 

  

Commercial diving is considered a dangerous career, despite recent 

improvements in safety protocol across the industry. Of the 10,000 

workers employed as commercial divers in the United States, 6 to 13 

diving-related deaths occur per year, corresponding to a risk of 

between 28 and 50 deaths per thousand workers over a working 

lifetime of 45 years (Occupational Safety and Health Administration, 

n.d.). Possible causes of bodily harm may include underwater 

currents, strong wind, heavy rain, marine animals, and low visibility 

(Channel NewsAsia [CNA], 2019). Owing to the fact that professional 

divers are often favoured for their expertise in high-risk or complex 

situations, it is arguable that various aspects of diving are inherently 

dangerous, even when advancements in safety are taken into 

Israeli Navy divers move material using a lifting bag. 
“Israeli Defense Forces” (CC license)
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Diving is a highly risky process 
that is also facing a shortage of 
experienced workers, contributing 
to its high cost. 

6 to 13 
deaths among professional divers 
in the United States 

28 to 50 
deaths per thousand professional 
divers over a lifetime

Notice the dark and potentially 
hazardous conditions the divers 
are about to enter, performing a 
task that could conceivably be 
automated.



consideration (CNA, 2019). Therefore, a key step in mitigating risk may 

be to eliminate the necessity for risk to human life altogether, which 

may conceivably be achieved through the development of suitable 

robotics.  

Additionally, the global demand for experienced commercial divers is 

high, and they are generally older, thus it is foreseeable that there may 

be a shortage of qualified and experienced commercial divers (HSE, 

2018). Based on the principles of supply and demand, a rise in price for 

the services of trained divers may be inevitable.  

Dry-docking 

Dry-docking involves bringing a ship or sea vessel out of water to 

conduct repair, inspection, or maintenance. This may be done by a 

variety of methods: in graving docks, a narrow basin is constructed 

with a watertight door at its mouth, allowing a vessel to sail in before 

water is pumped out (Marine Insight, 2019); in floating docks, a 

pontoon is fitted with water-filled chambers that allow it to be 

submerged while a ship is positioned above it, then water is removed 

from the chambers, causing the pontoon and the ship on it to be 

raised above the surface (American Bureau of Shipping [ABS], 2019); a 

shiplift is similar to a floating dock, but mechanical lifts are used to 

raise and lower a platform instead (Penta-Ocean Construction Co., 

Ltd., n.d.). 

However, all of these methods require large and expensive 

infrastructure, which may not be available in every location, thus 

urgent repairs cannot be done unless a dry dock is nearby. 

Furthermore, due to the technical complexity of the process, it is 

highly energy and time intensive, making it expensive and 

inaccessible to those without sufficient resources. Dry docking is only 

a viable solution for ships and other vessels, so it cannot be used for 

other underwater structures or machinery. 
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Diving is inherently dangerous; the 
best way to mitigate risk is to 
replace humans altogether.

A shortage of commercial divers 
will inevitably lead to technology 
stepping in to plug the gap.

Dry-docking is costly, requires a 
massive upfront investment of 
infrastructure and is not readily 
available around the world. 

 
A graving dock 

 
A floating dock 

 
A shiplift 
“Jack11 Poland” (CC license)



Aims 
This project aims to design a solution that addresses the 

aforementioned issues with existing methods for underwater repair 

and maintenance and scientific research. 

The following criteria were used to gauge the successfulness of the 

project: 

Cost 

To make underwater repair and scientific research 

accessible, the proposed design must be relatively 

inexpensive. 

Attachments 

To be useful in repair and scientific research, the proposed 

design must be able to sense its environment, use various 

tools, and manipulate objects, as a human would. 

Inspection 

The proposed design must be able to see its environment 

as a human would, so that its users can effectively control it 

to perform tasks. 

Remote control 

The proposed design should be controlled remotely. 

Without the need for a human to be present in the water, 

risks of injury or loss of life can be mitigated. 

Manoeuvrability 

The proposed design must be manoeuvrable because 

underwater research, inspection, and maintenance require 

high degrees of mobility. 

Ease of operation 

To be readily accessible, the proposed design should not 

require complex training or experienced personnel to 

operate. Additionally, maintenance should be minimised 

and simplified. 
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Design 

This study proposes a remotely operated underwater submersible — 

Flatfish — equipped with a pair of retractable mechanical arms, on 

which are mounts for interchangeable tools and sensors. Flatfish is 

remotely operated via a wireless connection to controller software. To 

enable Flatfish to communicate with its controller, it is tethered to a 

floating radio antenna hub — LilyPad. 

Flatfish 
Flatfish is a remotely operated submersible with interchangeable 

attachments mounted on mechanical arms. It includes a gimbal-

mounted camera which live-streams video to its controller, and is 

powered by three sets of thrusters that allow multi-axis translational 

and rotational movement. 

 Flatfish
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Flatfish, a remotely operated 
submersible, is tethered to a 
floating antenna hub, LilyPad, and 
is operated with a software 
controller.

Flatfish features mechanical arms 
with interchangeable tools, a 
gimbal-mounted camera, and 
three sets of thrusters.



Arms  

Flatfish features mechanical arms mounted on its underbelly, used to 

operate tools and sensors as interchangeable attachments. Flatfish 

can thus replicate much of the functionality of professional divers and 

complex ROVs . 1

 

Flatfish’s arms each consists of three servomotors — two at the base 

and one at the wrist — giving three degrees of freedom. When 

extended, the arms position the tools directly underneath the camera. 

 

 

Flatfish’s arms, seen here retracted and without attachments.

Flatfish's extended arms

 This is explained in detail in Rationale.1
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Flatfish has mechanical arms that 
operate sensors and tools.

Multiple actuators on Flatfish’s 
arms give them multiple degrees 
of freedom.



Attachments 

Interchangeable tools and sensors can be attached to the end of 

Flatfish’s arms using a connector. Flatfish can use three types of 

attachments: power tools, such as screwdrivers, grinders, and drills, 

which requires a direct current (DC) motor; precision tools, such as 

grippers, and sample collectors, which requires a servomotor; and 

sensors, such as pH, salinity, and temperature sensors. 

 

Though different types of attachments have vastly different 

requirements, the design of the connector is standardised, 

incorporating both mechanical and electrical connections into a 

single form factor. The female connecter on the arm, includes 

electrical pins for all possible connection types: 24 V and ground lines 

for DC motors; 5 V, ground, and pulse width modulated (PWM) signal 

lines  for servomotors; and Tx and Rx pins for universal asynchronous 2

receiver-transmitter (UART)  connections. The male connector on the 3

attachment, only connects to the pins it needs. Based on which of the 

pins are connected, Flatfish can automatically determine the type of 

attachment on its arm. The connector is sealed with clasps, magnets, 

and gaskets. 

Various attachments can be used with Flatfish

 PWM: a type of electrical signal where analog signals are represented digitally.2

 UART: a serial communication protocol used to transmit information between electrical devices. It uses two lines, Tx and Rx.3
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Flatfish can operate attachments, 
including tools and sensors, that 
make it as versatile as divers and 
complex ROVs.

Flatfish has a standardised 
connector design across all of its 
attachments.



 

The plug and play connector makes the process for connecting any 

attachment — regardless of their type — identical; and since Flatfish 

recognises its attachments automatically, there is no need for a setup 

process, or any technical knowledge of electrical communications. 

This not only reduces the amount of training needed, but also 

minimises the risk of accidental damage. 

An independent microcontroller is included in each attachment. It 

provides Flatfish with information on its identity and can be used to 

perform on-device sensor data compilation. 

In addition to official attachments, the mechanical, electrical, and 

software frameworks for developing custom attachments for Flatfish 

can be made public, allowing users to design custom attachments to 

suit their specific needs. 

Flatfish’s interchangeable tools allow it to be configured and 

customised depending on its use, making it a versatile tool in any 

situation. 

The connector is designed to work with all types of attachments
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The plug and play connector for 
Flatfish’s attachments provides a 
seamless and hassle-free 
experience.

A publicly available framework for 
developing Flatfish attachments 
will allow third-party attachments 
to be developed.



Microcontrollers  

Microcontrollers are computers that coordinate and control the 

components of a circuit. Flatfish uses two microcontrollers: a 

Raspberry Pi Compute Module 3+ (CM3+) and a Teensy low cost (LC). 

The Raspberry Pi CM3+ was chosen as the main microcontroller for its 

versatility. It is compatible with the Raspberry Pi Camera Module V2, 

and supports Universal Serial Bus (USB) communication, secure 

digital input output (SDIO), PWM, and general purpose input output 

(GPIO) pins — which includes numerous communication buses for 

different types of communication protocols: Inter-Integrated 

Circuit(I2C), Serial Peripheral Interface (SPI), and Universal 

Asynchronous Receiver Transmitter (UART) — and has a very small 

form factor. The Raspberry Pi CM3+ controls all five thrusters, the 

camera, communication with the micro Secure Digital (microSD) card, 

and communication with LilyPad. 

The Teensy LC was chosen for its relatively high 48 MHz clock speed, 

its numerous communication buses, and its similarly small form 

factor. The Teensy LC controls the PWM multiplexer, the three 

remaining motor drivers, and the attachments. 

 

 

left: A Raspberry Pi Compute Module 3+ 
right: A Teensy LC
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Flatfish uses two 
microcontrollers, a Raspberry Pi 
CM3+ and a Teensy LC.



Camera 

Flatfish is equipped with a camera that gives its operator a first-

person view of underwater conditions. 

To ensure a stable shot, the camera is mounted on a 2-axis gimbal 

that adjusts for turbulence using data from Flatfish’s onboard 

attitude  sensors. The camera can also tilt up and down or pan left 4

and right, giving a wider field of view. 

 

To achieve a higher frame rate, a lower resolution video is first 

streamed to the controller. Video footage at the original resolution 

and frame rate is saved on-device and can be retrieved afterward. 

Shell 

Flatfish’s outer shell serves to protect its internal components from 

water and physical damage, as well as to minimise drag. 

The shell is made of acrylonitrile butadiene styrene (ABS), a type of 

plastic, selected for its strong impact resistance and toughness 

(Dielectric Manufacturing , n.d.); as well as its chemical stability in 

aqueous acids and alkalis, alcohols, and animal and vegetable oils 

(RTP Company, n.d.). Since Flatfish is designed to be a replacement 

for human divers , especially in potentially hazardous conditions with 5

Flatfish has a gimbal-mounted camera.

 attitude: the orientation relative to the direction of travel.4

 This is explained in detail in Rationale.5
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Flatfish’s ABS shell protects its 
components and gives it a 
hydrodynamic shape.

ABS was chosen as the material 
for Flatfish’s shell based on its 
physical and chemical properties.

Flatfish’s camera gives its 
operator a first-person 
perspective.



high concentrations of pollutants, the chemical stability of Flatfish’s 

shell is particularly vital. Additionally, ABS is considered safe to come 

into contact with foodstuffs by the United States Food and Drug 

Administration (FDA) (FDA, 2019), thus assuring minimal pollution of 

the surrounding water. ABS is a thermoplastic , making it suitable as a 6

material for extrusion 3D printing (Tractus 3D, n.d.). 

 

The shell is designed to reduce its hydrodynamic drag, thereby 

increasing its efficiency. Major components, such as the vertical 

thrusters and the main body, are designed to minimise flow 

separation with a streamlined teardrop shape that maintains an 

attached flow for as long as possible. The hydrodynamic properties of 

Flatfish’s shell were estimated using computational fluid dynamics . 7

Propulsion  

To ensure manoeuvrability at low speeds, and stability in strong water 

currents, Flatfish is equipped with two sets of propellers: three 

vertical thrusters, arranged in an isosceles triangle; and two 

horizontal thrusters. Flatfish is able to rotate about three axes and 

move in two: to roll, the left and right vertical thrusters propel in 

opposite directions; to pitch, the fore and aft vertical thrusters propel 

in opposite directions; to yaw, the left and right horizontal thrusters 

Flatfish’s ABS shell

 thermoplastic: a plastic that softens on heating and hardens on cooling.6

 The methodology for evaluating Flatfish’s hydrodynamic properties is explained in detail in Analysis › Computational fluid dynamics.7
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The shell is designed to reduce its 
hydrodynamic drag.

Flatfish has five propellers in 
three sets, that enable it to 
control its roll, pitch, and yaw, and 
move forwards or upwards.



propel in opposite directions; to move forward or upward, the 

horizontal or vertical thrusters activate. 

 

Brushless direct current motors (BLDCs) are used instead of brushed 

DC motors. Rotors in brushless motors are driven through 

electromagnetic induction, as opposed to brushed motors which use 

physical electrical contacts known as “brushes”, thus any potential 

water damage is minimised because there are no exposed contacts 

where live and ground wires can short. Additionally, brushed motors 

need to be serviced regularly to replace their brushes, which 

deteriorate over time; they produce less torque for their weight; and 

they cause more sparks. 

Flatfish is stabilised by thrusters in turbulent currents and uneven 

local distributions, which may occur when it is grasping heavy objects 

or tools. Combining rotation, acceleration and heading information 

from a gyroscope, accelerometer, and compass, a proportional-

integral-derivative (PID) controller  helps Flatfish maintain a constant 8

level (Choi et al., 2020). 

ROVs can be designed with a simpler propulsion system, using a single 

thruster and hydroplanes  to control attitude. This design requires 9

fewer moving parts, but does not offer the same functionality as 

Flatfish. Single-thruster ROVs can only move in one direction, 

Flatfish’s five propellers

 The PID controller is explained in detail in Software › Data processing › PID controller.8

 hydroplane: a control surface on a submarine, similar to aircraft rudders.9
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Brushless motors were favoured 
over brushed motors for their 
superior reliability, simplicity, and 
longevity.

Flatfish’s thrusters automatically 
keep it stable and level in 
turbulent currents.

 
This ROV has a simpler single 
propeller layout. 
“Office of Naval Research” (CC 
license)



compared to two directions of translational movement for Flatfish. 

Single thruster ROVs can only change their attitude when moving 

forward at sufficient speed for its hydroplanes to have an effect, 

whereas Flatfish can reorientate itself while remaining in place. 

Water ingress protection 

Water resistance is paramount in ensuring a safe and reliable 

operation, and to safeguard against physical damage and data loss. 

Multiple layers of redundancy are built in to protect Flatfish’s 

components. 

The two halves of Flatfish’s shell are screwed together to aid assembly 

and maintenance. Grooves in the upper and lower shell allow a rubber 

gasket to be compressed between them, sealing water out. Moreover, 

a 5 mm thick shell ensures that any minor cracks or scratches do not 

cause major leaks. 

 

As they have hydrophobic properties, dielectric grease is applied to 

electronic components to repel water from circuits. Crucial 

connection points — such as the battery — which do not need to be 

regularly changed are protected by a silicone-filled plastic case that 

completely encases the connection. Flatfish’s circuit board is 

elevated above the bottom of the shell so that any water that does 

enter will pool at the bottom without damaging any electronics. 

The groove between the two halves of Flatfish’s shell, for a rubber gasket.
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Flatfish combines mechanical and 
electrical methods in multiple 
layers of redundancy to protect 
against water damage.

Rubber gaskets and a thick shell 
prevent water from entering 
through gaps between panels.

Electrical components are 
protected by dielectric grease and 
silicone.

Flatfish is capable of achieving 
more degrees of freedom than 
many commercial ROVs.



The charging port for Flatfish’s battery is on LilyPad, above the 

waterline, and sealed under a water resistant cover that is kept shut 

with a spring mechanism. Flatfish has no ports; all connections go 

through its tether , which is sealed with silicone. 10

Motors for thrusters are exposed to water as it is not feasible to 

completely seal the propeller shaft. Electrical contacts at the rear of 

the motor are sealed in silicone. The shaft and planetary gearhead are 

filled with dielectric water-repellent grease, a technique commonly 

used in the industry. 

 

As a final line of defence, Flatfish includes shorting protection. Water 

sensors are located inside and near the bottom of the shell; two 

electrical contacts will be connected when water that enters Flatfish, 

which will turn off a metal-oxide-semiconductor field-effect 

transistor (MOSFET) to cut the main power supply for Flatfish . This 11

will immobilise it, but prevent severe damage to vulnerable 

components. The system works entirely passively and without the 

need for computer control, which is useful if the microcontroller has 

already been damaged. If the water has insufficient aqueous ions to 

trigger shorting protection, its conductivity will likely be too low to 

cause damage to components, especially since they are already water 

resistant through other means. 

A gap between the motor and its housing, seen here in this cross section, is filled 
with silicone, sealing it from water.

 The design of LilyPad’s tether is explained in detail in Design › LilyPad › Tether.10

 Shorting protection is explained in detail in Design › Electronics › Power › Power control.11
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Silicone and dielectric grease are 
used to waterproof exposed 
motors.

Flatfish has no ports, thus 
removing a potential ingress 
route.

Water sensors shut down 
important components if there is 
any sign of a leak.



Plastic components are preferred, especially on the exterior, to avoid 

the detrimental effects of oxidation in metallic materials. Where they 

are necessary, corrosion-resistant stainless steel or aluminium 

components are used instead. 

Weight  

Flatfish is designed to be neutrally buoyant; thus, in still water it can 

remain in a stable position without expending energy to counteract 

buoyancy or gravity. Flatfish’s volume was calculated using 

Archimedes’ principal: 

, 

where  is the upward buoyant force; 

  is the density of water; 

  is acceleration due to gravity; and 

  is the submerged volume.  

By making  equal to , the upward buoyant force is in equilibrium 

with the downward gravitational force. 

Each of the three thruster pairs that control Flatfish’s attitude in the 

three axes are aligned so that the forces they exert create moments 

whose pivots are collinear with Flatfish’s centre of gravity. Hence, any 

force from the thrusters would induce only rotational acceleration, 

with no translational movement. 

 

Fb = ρgV

Fb

ρ

g

V

Fb g

When rolling, the pivot and centre of gravity lie on the same vertical plane (green 
line).
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Flatfish’s buoyancy is calculated 
using Archimedes’ principle to 
make it neutrally buoyant and 
conserve energy.

Flatfish’s motors produce a force 
that only causes rotational 
acceleration.

Metal components are avoided 
wherever possible to prevent 
corrosion.



LilyPad 
LilyPad is a floating wireless communications hub that connects 

Flatfish to its controller. It is comprised of a tether reel, a wireless 

communications antenna, charging and communication ports, and a 

microSD card slot. 

 

Tether 

The electrical conductivity of water, especially seawater, leads to 

strong attenuation of electromagnetic waves (Jimenez et al., 2016). 

Consequently, radio frequency electromagnetic waves traditionally 

used in wireless communications are unsuitable for underwater 

operation, so a wired connection through a tether is required. 

 

 

LilyPad

The inlets for the tether on Flatfish and LilyPad.
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LilyPad is Flatfish’s floating 
wireless communications hub.

A tether is needed to connect 
Flatfish to LilyPad because radio 
communications are unavailable 
underwater.



The tether is made from multiple wires and a load-bearing cable, 

surrounded by a heat shrunk tube. It is neutrally buoyant to allow 

Flatfish to maneuverer freely without being impeded by its tether, and 

is reeled inside LilyPad and dispensed as Flatfish travels into deeper 

waters. 

The tether doubles as a safeguard if any systems on Flatfish are to 

fail, or when shorting protection activates, ensuring that it will not be 

lost irretrievably. 

Wireless communication 

LilyPad communicates with Flatfish’s controller wirelessly, using 

existing WiFi-based systems. LilyPad uses an ESP32 WiFi chip, which 

supports 802.11n  WiFi , operating at 2.4  GHz with a data transfer 12

speed of up to 150 Mbps . The chip functions as both a receiver and 13

transmitter. 

 

WiFi was chosen over other wireless communication protocols, such 

as Bluetooth, despite its higher power usage (up to 10 times that of 

Bluetooth), because of its superior range and transfer speed. 

Bluetooth  5.0 has a maximum transfer speed of 2  Mbps, with a 

maximum range of 240  m (Hoffman, 2018), while 802.11n  WiFi can 

The ESP32 WiFi chip, mounted on LilyPad’s printed circuit board.

 802.11n: a WiFi communication standard.12

 Mbps: megabits per second, a measure of the rate of data transfer.13
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The tether carries power and 
information while allowing Flatfish 
to move freely.

LilyPad communicates with the 
controller over WiFi. 

up to 

150 Mbps 
Transfer speed

WiFi was chosen for its superior 
range and transfer speed. 

up to 

100 m 
Flatfish range



transfer data at up to 250  Mbps with a range of over 100  m 

(Sattel,  2017). High transfer speeds are necessary to support low-

latency live video , as is the longer range which allows Flatfish to 14

reliably travel further from its controller. 

Sensor data, including Flatfish’s battery level, attitude, acceleration, 

and heading; and a real-time colour video feed at 480p20 , is 15

transferred from Flatfish to LilyPad via the tether, then wirelessly to 

the controller. Controller commands are transferred in the opposite 

direction . 16

WiFi was also chosen because of its ubiquity in existing consumer 

electronics. Devices running Flatfish’s controller can connect directly 

to Flatfish’s network using their existing hardware, thus reducing 

costs, simplifying the setup procedure, and removing the need for 

specialised hardware. 

Data storage 

Camera and sensor data from Flatfish are written into a microSD card 

on LilyPad as a log of sensor data and a full resolution video. The 

microSD card is removable, allowing the information gathered to be 

exported and analysed. 

 The microSD card slot on LilyPad

 Low-latency live video streaming is explained in detail in Design › Software › Communication › Live-streaming.14

 480p20: A vertical resolution of 480 pixels at 20 frames per second.15

 Controller commands are explained in detail in Design › Software › Controller.16
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LilyPad passes information 
between Flatfish and its 
controller.

WiFi connectivity is already 
present in the majority of 
consumer electronics.

Flatfish saves a log of sensor data 
and video into a microSD card that 
can be retrieved and analysed.



Buoyancy 

LilyPad must be sufficiently buoyant to maintain a low waterline that 

does not rise above the level of its ports. 

Similarly to Flatfish, LilyPad’s buoyancy was calculated using 

Archimedes’ principle, . A desired value of upward buoyant 

force, 20 N, and the known values for , the density of water, and , 

gravitational acceleration, were substituted into the formula to obtain 

, the volume of LilyPad that needs to be submerged to displace 

sufficient water to produce the required buoyant force. The waterline 

is where the submerged volume of LilyPad is equal to . 

 

The density of water, and thus the volume of water that needs to be 

displaced to provide the desired buoyant force, varies depending on 

the salinity and temperature of the water. The waterline for LilyPad 

was calculated with a worst-case scenario, warm freshwater at 50°C; 

other conditions would increase water density and lower the 

waterline. 

Fb = ρgV

ρ g

V

V

The horizontal blue line represents LilyPad’s calculated waterline.
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LilyPad’s waterline was calculated 
using Archimedes’ principle.

Calculations for LilyPad’s waterline 
took into account water 
temperature and salinity.



Electronics 

Printed circuit boards 

Electrical components on Flatfish are soldered onto a printed circuit 

board (PCB). 

 

It is composed of multiple layers: copper traces that form electrical 

connections; a substrate made of FR4 , a woven fibreglass material 17

with an epoxy resin binder; and a silkscreen for annotations and 

decals. The fibreglass core gives the PCB its rigidity, preventing it 

from bending and damaging components on the PCB (Sparkfun, n.d.); 

while the copper traces reduce the need for wires and thus the 

possibility of the circuit failing due to frayed wires or loose 

connections. 

Flatfish’s PCB

 FR: “flame retardant”17
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Flatfish’s electrical components 
are soldered onto a PCB.

The PCB is made of a fibreglass 
substrate, copper traces, and a 
silkscreen.



In addition to traces, the PCB also has a ground plane , a continuous 18

sheet of copper, which reduces electrical noise and ensures a stable 

and reliable ground connection (Maniktala, 2012). 

The PCB has two layers of traces, one top and one bottom, providing 

more space and thus allowing more components to fit in a smaller 

area.  

 

Surface-mounted devices    

The majority of the components on the PCB are surface-mounted 

devices (SMDs) — as opposed to through-hole devices — which are 

soldered onto only one side (surface) of the PCB, instead of through a 

hole in the board. SMD components have drastically smaller form 

factors, thus allowing for a much higher component density. (Telan, 

2018) 

For example, the most common form of SMD resistor, the 0603 

package , measures at 1.5  ×  0.8  mm while a through-hole axial 19

resistor of the same resistance measures at 6.5  mm in length and 

0.6 mm in diameter. (Electronics notes, n.d.) 

Flatfish's PCB with ground pours

 ground plane: a continuous sheet of copper on a PCB, defined by borders rather than a path. Also known as a pour.18

 package: one of a set of standardised form factors that SMD components can be designed for.19
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Surface-mounted devices are 
smaller and only soldered to one 
side of the PCB, allowing for a 
higher component density.

Flatfish uses a space-efficient 
two-layer PCB.



 

 

Power 

Flatfish is powered by two batteries providing 24 V of electromotive 

force, which are used directly by its thrusters . Switched-mode 20

power supplies are used to step down the 24 V to 5 V, 3.3 V and 1.8 V 

for different electrical components. 

Batteries 

Flatfish is powered by two 12 V lithium polymer (LiPo) batteries, each 

with a capacity of 18  Ah . They are connected in series to supply 21

Flatfish with 24 V at a combined capacity of 18 Ah. 

LiPo batteries were chosen over other types of batteries, such as 

nickel-metal hydride (NiMH) and nickel-cadmium (NiCd) batteries, as 

they tend to have smaller form factors, weigh less, and can maintain a 

A through-hole resistor (above) and a surface-mounted resistor (below)

SMDs on Flatfish’s PCB

 Flatfish’s propulsion system is explained in detail in Design › Flatfish › Propulsion.20

 Ah: amp-hours, a measure of battery capacity.21
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Flatfish has two batteries with a 
capacity of 18 Ah at 24 V.

LiPo batteries were chosen for 
their superior form factor, 
performance, and longevity.

Notice the drastic size difference 
between through-hole and SMD 
resistors, even though both offer 
the same functionality.

Flatfish uses four different 
voltage levels for its components.



constant discharge rate  (EuroRC, n.d.). NiMH and NiCd batteries are 

more prone to the memory effect, an undesirable phenomenon where 

the electrolyte and the electrode in a battery react to form a salt, thus 

causing the electrode to corrode over multiple charge cycles. This 

effect is virtually non-existent in LiPo batteries (Australian Academy 

of Science, 2017). As a result, unlike NiMH and NiCd batteries, LiPo 

batteries do not have to be fully discharged before they can be 

recharged; and will have a longer lifespan, over which their rate of 

discharge and capacity remain relatively stable. 

Flatfish’s batteries can deliver a maximum instantaneous current of 

12 A, and a continuous current of 6 amps, all while weighing 850 g. 

A rough calculation, done by adding up the total current draw of each 

component, indicates that the maximum possible current draw can 

reach 15.7  A, which exceeds the maximum current draw of the 

batteries. However, this assumes that all components on Flatfish are 

running simultaneously at full power, which is highly unlikely. In the 

event that such a situation takes place, Flatfish’s software steps in to 

prioritise important components such as the microcontrollers, 

thereby preventing damage to the batteries from excessive current 

draw. 

Flatfish’s battery life is estimated to be approximately 2 to 3 hours. 
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Flatfish is designed to handle 
current draw spikes without 
damaging components.

2 to 3 hours 
Battery life



PCB traces for the batteries are 3.5  mm wide, compared to the 

standard trace width of 0.1524 mm. This reduces the resistance of the 

trace by increasing the cross-sectional area, as given by the formula 

for resistance: 

, 

where  is electrical resistance; 

  is the resistivity of the material; 

  is the length of the conductor; and 

  is its cross-sectional area. 

Thus, by reducing the resistance in the trace, power lost to Ohmic 

heating can be reduced, as given by the formula for electrical power: 

, 

where  is the power lost to Ohmic heating; 

  is electrical current; and 

  is electrical resistance. 

 

Switched-mode power supplies 

Because different components have different voltage requirements, 

switched-mode power supplies (SMPSs) are used to step down the 

24 V from the batteries to 5 V, 3.3 V and 1.8 V. 

SMPSs are favoured over other voltage regulators and step-downs for 

their higher efficiency. A more popular, and simpler alternative would 

be the linear regulator, which typically only requires 2 capacitors to 

R = ρ
l
A

R

ρ

l

A

P = IR2

P

I

R

Traces for the batteries are 3.5mm wide
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SMPSs are used to step down 24 V 
to 5 V, 3.3 V, and 1.8 V.

SMPSs are favoured for their 
superior efficiency.

PCB traces for the batteries are 
widened to reduce power loss due 
to Ohmic heating.



work; however it dissipates excess energy as heat, making it highly 

inefficient. By comparison, the SMPS uses high switching speeds to 

step down voltage, generating only a small amount of heat in the 

process (Renesas Electronics, n.d.). 

 

 

However, high switching speeds in SMPSs — of up to several 

megahertz — create a significant amount of electrical noise in the 

form of random voltage spikes and sags. This can damage 

components, or cause over-voltage and under-voltage problems 

(Renesas Electronics, n.d.). To protect vulnerable components and 

ensure a steady power supply, electrical noise must be suppressed 

and filtered out. 

Voltage smoothing 

Capacitors can be used to smooth voltage signals and reduce 

electrical noise. Capacitors oppose changes in voltage as they charge 

up and store energy during voltage spikes, before releasing it during 

voltage sags, thereby damping the effects of electrical noise. This 

helps to maintain a constant voltage signal that is free of noise. 

In order to minimise any parasitic resistance  and inductance  22 23

generated by PCB traces, the capacitors are placed as close to the 

SMPSs as possible (Sattel, 2017). 
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Figure 3. Converter Power Loss vs Output Current

left: Graph of power loss against output current for a linear regulator (Texas 
Instruments, 2017) 

right: The efficiency curve of an MP1584 SMPS (MPS. 2011)

 parasitic resistance: a minuscule amount of resistance created by impurities in PCB traces22

 parasitic inductance:  a minuscule amount of inductance generated by current flowing through any length of conductor23
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SMPSs generate a significant 
amount of electrical noise which 
needs to be reduced.

Capacitors are used to smooth 
electrical noise. They store energy 
from spikes and release it into 
sags.

SMPSs have a significantly higher 
efficiency compared to linear 
regulators.



Specifically, multi-layer ceramic capacitors (MLCCs) were selected for 

their better performance during high switching speeds such as that of 

the SMPSs, in comparison to other capacitors, such as electrolytic 

capacitors  (muRata, 2013). 24

 

As the frequency increases, the impedance  in each capacitor 25

decreases, following the capacitive reactance formula: 

, 

where  is the capacitor's reactance ; 26

  is the frequency; and 

  is its capacitance. 

As the frequency continues to increase, it eventually reaches the 

capacitor's self-resonant frequency, a point where its impedance is at 

its lowest, after which impedance will only increase along with the 

frequency (muRata, 2013). As impedance increases, the equivalent 

series resistance of the circuit increases, resulting in a higher voltage 

loss, following Ohm’s Law: 

, 

where  is the equivalent series resistance; 

Different types of capacitors 
“Eric Schrader” (CC license)

XC =
1

2π fC

XC

f

C

V = IR

R

 This comparison is explored in detail in Results › Noise reduction.24

 impedance: the effective resistance against a constantly switching signal25

 reactance: the impedance of a component due to its inductance or capacitance.26
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Inductance reaches a minimum 
when the frequency is equal to the 
capacitor’s self-resonant 
frequency.

MLCCs were chosen because they 
have a lower impedance at higher 
frequencies.



  is the electric current; and 

  is the voltage drop. 

Hence, capacitors with a higher self-resonant frequency are preferred 

because they have a lower impedance at higher frequencies. 

Alternatives such as aluminium electrolytic capacitors, have a lower 

self-resonant frequency, thus their impedance starts to increase at a 

lower frequency (muRata, 2013). Additionally, at their self-resonant 

frequency, MLCCs demonstrate significantly lower impedance 

compared to other capacitor types. 

 

 

Light-emitting diode indicators 

Light-emitting diodes (LEDs) are used to indicate that there are no 

instances of under-voltage, and that clean 5 V, 3.3 V and 1.8 V signals 

are being produced. 

Two metal-oxide-semiconductor field-effect transistors (MOSFETs), 

with gate threshold voltages  of 3.3  V and 1.8  V, connect LEDs’ 27

cathodes to ground when their gate threshold voltages are met. Since 

the 3.3  V and 1.8  V lines are stepped down from 5  V and thus 

dependent on the 5 V line, both LEDs will light up only when all three 

voltage signals are present. 
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left: An impedance-frequency graph for polymer polymer aluminium capacitors 
right: An impedance-frequency graph for MLCCs

 gate threshold voltage: the minimum voltage required for a MOSFET to turn on and connect two points on a circuit27
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Notice that film and ceramic 
capacitors (MLCCs) have much 
lower impedances at higher 
frequencies.



 

Since the LEDs light up when the SMPSs are functioning as expected, 

any instances of under-voltage can be detected quickly and 

troubleshooted. 

 

Power control 

Power to Flatfish’s components are controlled by metal-oxide-

semiconductor field-effect transistors (MOSFETs). Flatfish can only 

power on when two conditions are met: first, the power button has 

been pressed; and second, no water is detected inside Flatfish and 

LilyPad’s shell. 

Flatfish is turned on through an instantaneous switch instead of a 

rocker switch. Rather than a permanent “on” and “off” state, 

instantaneous switches have a “pressed” and “not pressed” state;  a 

spring mechanism defaults it to the “not pressed” state. 

A simplified schematic of the LED indicators

The LED indicators during normal operation
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Flatfish uses an instantaneous 
switch rather than a rocker 
switch.



A MOSFET is placed on the ground line with a resistor between its 

gate  and ground, ensuring its default state is “off” and preventing 28

any accidental start-ups. Flatfish is never completely powered down; 

even when it is switched off, the ESP32 is kept in an extremely low 

power deep sleep mode that requires only 10  µA of current, by a 

voltage divider power supply . When Flatfish’s power button (on 29

LilyPad) is pressed, a 3.3  V signal is temporarily sent by the 

instantaneous switch to one of the ESP32’s pins. The ESP32 will then 

output a voltage to turn on the MOSFET, allowing current from ground 

to flow and begin the start-up procedure. 

 

Flatfish can also detect when there is water inside its shell due to a 

leak, and cut the main power to prevent damage to its components. 

Another MOSFET is placed on the ground line, this time with a resistor 

between its gate and a 3.3 V power supply to ensure that the default 

state of this MOSFET is "on". Flatfish’s water sensors are exposed 

contacts that would be shorted in the presence of water . One 30

contact is connected to ground while the other is connected to the 

second MOSFET; when triggered, the gate of the MOSFET would be 

connected to ground, thereby turning it off and cutting Flatfish’s 

power.  

Flatfish’s power button

 gate: an input of the MOSFET which determines its on/off state.28

 The voltage divider power supply is explained in detail in Design › Electronics › Power › Voltage dividers.29

 Flatfish’s shorting protection system is explained in detail in Design › Electronics › Power › Power control.30
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An ESP32 is kept in a low-power 
mode, and waits for the power 
button to be pressed before 
initiating the start-up procedure.

Flatfish’s shorting protection 
shuts down critical components in 
the event of a leak.

A MOSFET cuts power to Flatfish 
when water is detected.



This system is entirely passive and does not require any digital control 

from Flatfish’s microcontrollers, which is useful in a worst-case 

scenario where some components may already be damaged. Because 

shorting protection is an independent system that does not depend 

on any other system to operate, it can operate as a stand-alone 

redundancy that will continue to work when other components have 

failed. 

 

Voltage dividers  

The components involved in power control — the ESP32, MOSFETs, 

and the power button — need to be constantly powered with 3.3  V, 

even when the rest of Flatfish’s circuits have been shut down. Under 

normal operating conditions, the SMPSs will step down 24 V from the 

batteries to 3.3 V , however it is too wasteful to keep this component 31

on while Flatfish is powered off.  

Though less efficient than SMPSs under normal use, voltage dividers 

are preferred to supply small amounts of power to the MOSFET, power 

button, and ESP32 in sleep mode (Magoncia, 2019). One set of voltage 

dividers supplies 3.3  V to the MOSFET and power button, while 

another set supplies 5  V to the ESP32. Voltage dividers are simple 

circuits of two resistors in series; the output voltage across either of 

the resistors is given by the voltage division formula:  

Simplified schematic of dual MOSFET system

 The use of SMPSs is explained in detail in Design › Electronics › Power › Switched-mode power supplies.31
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Flatfish’s shorting protection 
system works automatically and 
passively.

Voltage dividers are used to 
supply power to certain 
components on Flatfish, even if it 
is turned off



, 

where  is the desired output voltage; 

  is the input voltage; 

  is the resistance of the resistor in question; and 

  is the effective resistance of all the resistors. 

Using the formula, 700 kΩ and 110 kΩ resistors are used to step down 

to 3.3 V, and 40.2 kΩ and 10 kΩ resistors are used for 5 V. 

 

To safeguard against voltage spikes and thus prevent damage to 

Flatfish’s components, a Zener diode is placed between the outputs of 

the voltage dividers and ground. The addition of a Zener diode 

grounds voltage spikes, thereby protecting components from over-

voltage (Electrical4U, 2019). Just like the ESP32, these voltage 

dividers are always active and provide power to a few select 

components on LilyPad's PCB.  

However, since a voltage divider is two resistors in series, it can cause 

excessive power loss under high current situations, thus it is not used 

to supply power to any other components. (Magoncia, 2019) 

Vout = Vin( Rn

Reff)
Vout

Vin

Rn

Reff

Schematic of voltage dividers
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Zener diodes filter out any voltage 
spikes and protect components 
from over-voltage problems

Current detection systems are 
used to ensure the batteries do 
not exceed their maximum current 
draw



Current detection  

As previously mentioned, the batteries can only deliver a maximum of 

12 A of instantaneous current and 6 A of constant current . While it is 32

highly unlikely that Flatfish will draw such high currents during normal 

operating conditions, two current detection systems have been put in 

place, should such a situation occur.  

Firstly, when a current passes through a wire, it creates a magnetic 

field proportional to said current (National High Magnetic Field 

Laboratory, 2020). The Hall effect sensor then measures the 

magnitude of that magnetic field and outputs a voltage level 

proportional to it. Thus, the higher the current, the stronger the 

magnetic field, and the higher the voltage output from the Hall effect 

sensor. Since the Hall effect sensor on LilyPad has a sensitivity of 

104 mV/A (Allegro Microsystems Inc, 2007), it will produce 0.624 V at 

6 A, and 1.248 V at 12 A; both of which are voltage levels detectable by 

the ESP32. Additionally, while current needs to pass through the Hall 

effect sensor, its resistance is so low that any power losses will be 

negligible. 

 

Secondly, a shunt resistor is used should the Hall effect sensor fail. 

With a fixed resistance, the voltage drop across the resistor is 

proportional to the current flowing through it, following: 

I
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A diagram of a hall effect sensor. 
“Dracheschreck” (CC license)

 Current limits of our batteries are explained in Design › Electronics › Power › Batteries.32
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A Hall effect sensor indirectly 
measures the current drawn from 
the battery

Current drawn from the batteries 
can also be determined by 
measuring the voltage drop 
across a fixed resistance



, 

where  is the voltage drop;  

  is the current; and 

  is the resistance. 

However, a high resistance value, combined with high current draws, 

can cause excessively high voltage drops. Thus a shunt resistor of 

only 9 mΩ was used to prevent any under-voltage problems and allow 

capacitors to be able to easily smooth out the voltage signal 

afterwards .  33

A comparator in the form of an operational amplifier  compares the 34

voltage before and after the resistor, and outputs a current 

proportional to the voltage drop between both points (Renesas, n.d.). 

A transistor further amplifies this current output, while a resistor 

converts the amplified current back to a voltage signal detectable by 

a microcontroller, such as the ESP32. Thus, At 6A, the circuit outputs 

1.08 V despite the shunt only experiencing a voltage drop of 0.054 V, 

while at 12 A it outputs 2.16V with a voltage drop of 0.108 V across the 

shunt.  

The ESP32 will continuously measure the current draw of Flatfish and 

LilyPad, and send that data to the controller so that the user will be 

able to keep track of it. Once a continuous current above 6 A is being 

drawn, devices with high current draws such as motors will be limited 

or turned off to ensure the battery does not exceed its maximum 

current draw.   

V = IR

V

I

R

 Voltage smoothing using capacitors is explained in Design › Electronics › Power › Voltage smoothing.33

 operational amplifier: an amplifier with a differential input and singular output.34
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Users will be able to keep track of 
the current drawn by Flatfish 



Motors 

Flatfish uses two types of motors: brushless DC motors (BLDCs) and 

servomotors. 

Drivers  

Driver chips act as an interface between the microcontrollers and the 

DC motors. Flatfish uses two driver chips to control two DC motor, 

while the rest of the motors include a similar driver built in. 

H-bridge drivers only require two digital signals, one high and one low, 

and one analog signal to control a DC motor: swapping the digital 

signals invert the polarity of the voltage supplied to the motor, thus 

controlling its direction; and varying the level of the analog signal will 

change the supplied current proportionately, thus adjusting its speed. 

 

Electrolytic capacitors   

Brushless DC motors (BLDCs) require a high inrush current during 

start-up to charge up their coils and inductors (Elliot, S. 2020). An 

electrolytic capacitor was placed in parallel with each motor to act as 

a small local power supply. 

Electrolytic capacitors were chosen for their cost and their ability to 

supply a high current to a load within a short timeframe (Poole, 2020). 

In total, there are eight 47  µF electrolytic capacitors, one for each 

BLDC motor. 

Driver chips on Flatfish's PCB
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Drivers control Flatfish’s motors 
so the microcontrollers do not 
need to directly adjust the motors’ 
current and voltage.

H-bridge drivers control motor 
direction using two digital signals 
and speed using one analog signal.

BLDCs require a surge of current 
when starting up. To prevent 
damage from a current spike, 
capacitors are used to supply the 
power.

BLDCs require a surge of current 
when starting up. To prevent 
damage from a current spike, 
capacitors are used to supply the 
power.



The capacitors charge up when Flatfish is turned on, and release the 

stored energy when the motors start-up (Sparkfun, n.d.), thus catering 

to the high current needs of the motors and minimising the spike of 

instantaneous current draw. Any components sensitive to high 

current draws will therefore be protected by the capacitors.  

 

Pulse-width modulation 

In addition to the eight BLDCs, Flatfish also has eight servomotors: 

two for the gimbal and six for the arms . Each servomotor requires a 35

pulse-width modulated (PWM) signal to instruct them on the direction, 

and magnitude to move by (Jameco Electronics, n.d.). Ordinarily this 

requires eight separate connections to the microcontroller; however 

A simplified schematic showing the motors’ drivers and capacitors.

Capacitors on Flatfish’s PCB

 The design of Flatfish’s arms is explained in detail in Design › Flatfish › Arms.35
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A PWM multiplexer is used to 
expand the number of 
servomotors a single 
microcontroller can control.



this would be impossible because there are a limited number of pins 

on the microcontroller capable of pulse-width modulated outputs. 

Thus, a PWM multiplexer is used. 

A PWM multiplexer acts as an interface between the microcontroller 

and the PWM pins on other components. Instead of outputting a 

separate PWM signal for every servomotor, the microcontroller only 

needs to output 4 signals, following the Serial Peripheral Interface 

(SPI) communication protocol (Texas Instruments, 2015). It instructs 

the multiplexer on the number of servomotors to run, and their speed 

and direction. The multiplexer then interprets these commands and 

sends out separate PWM signals to each servomotor. 

With a PWM multiplexer, the microcontroller can control up to 16 

servomotors using 4 pins, freeing up pins for other uses. 

 

Differential signalling 

Flatfish’s camera and USB ports use the CSI-2  and USB 2.0 36

communication protocols respectively. Since both protocols can 

achieve very high transfer speeds — up to 800 Mbps  for the camera 37

(MIPI Alliance, 2020) and 480 Mbps for the USB (Hoffman, 2017) — even 

minute amounts of electrical noise can result in a corrupted signal. 

A PWM multiplexer on Flatfish’s PCB

 CSI: Camera Serial Interface, a communication interface between a camera and a host processor.36

 Mbps: megabits per second, a measure of data transfer speed.37
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The PWM multiplexer interprets 
commands from the 
microcontroller and translates 
them into PWM signals. 

Differential signalling is required 
to minimise noise in electrical 
signals. 

Minute amounts of electrical noise 
can corrupt a high-speed signal.



Electrical noise can arise from parasitic resistance, caused by 

impurities in the PCB’s copper trace; parasitic inductance, as current 

passes through adjacent traces; or parasitic capacitance, as signals 

are sent through conductors separated by a dielectric, not unlike a 

capacitor itself. Ordinarily, the effects of small amounts of electrical 

noise are negligible, and do not appreciably impact signal quality, thus 

single-ended signalling — where a signal is transmitted as “high” and 

“low” voltage levels in reference to ground — is sufficient (Pinkle, 2019). 

High speed signals require differential signalling to minimise the 

amount of electrical noise. Differential signalling involves sending two 

different signals down separate lines: one, the original signal, is the 

positive line; while the other is the inverted form of the original signal, 

the negative line. The difference in voltage between the negative line 

and the positive line represents a “0” or “1” (Pinkle, 2019). 

Differential signalling reduces noise because any sources of parasitic 

inductance and capacitance will affect both lines, due to their 

proximity, and generate the same amount of noise in both. When the 

difference between both lines are taken, the noise is cancelled out, 

leaving a clean signal. (Pinkle, 2019) 

 
Any noise will affect both lines at the same time and be cancelled out. 
“Linear77” (CC license)
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Electrical noise can arise from 
parasitic resistance, inductance, 
or capacitance.

Differential signalling transmits 
information as the difference 
between two voltages in two 
separate lines.

Sources of noise equally affect 
both lines in differential signalling, 
and is cancelled out, leaving a 
clean signal.



Differential signalling requires the receiver to obtain both signals at 

the exact same time, hence both the positive and negative signals 

must travel at the exact same speed; otherwise, the data will be 

misinterpreted. Thus, the two signal lines on the PCB need to have the 

same length, be parallel to each other, and be as close as possible. 

The Raspberry Pi requires differential signals from the camera to have 

a differential impedance of 100  Ω; and those from the USB to have 

90  Ω of differential impedance (Raspberry Pi, 2019). To achieve this, 

trace width and spacing are adjusted according to the differential 

impedance formula: 

, 

where  is differential impedance; 

  is the relative dielectric constant ; 38

  is the dielectric thickness; 

  is the trace width; 

  is the trace thickness; and 

  is the trace separation. 

Since the PCB is made with 1 oz copper traces  and an FR4 substrate, 39

 can be taken as 34.7  µm,  as 4.5, and  as 1.6 mm. To route the 

traces as close to each other as possible,  can be minimised to 

0.2  mm. Thus, using the formula, the traces for camera should be 

0.889 mm wide, and 1.27 mm for the USB. 

Zd =
174

1.41 + εr
ln( 5.98 × h

0.8 × w + t)[1 − 0.48e(−0.96 d
h)]

Zd
εr
h

w

t

d

t εr h

d

 relative dielectric constant: a material's ability to store electrical energy in an electric field, relative to that of a vacuum.38

 This is the standard measure of trace thickness, in oz ft-2. 1 oz ft-2 is equal to 305 g m-2, or 34.7 µm in thickness.39
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The positive and negative lines 
should ideally be identical to avoid 
uneven latency that corrupts the 
signal.

The differential impedance 
formula is used to calculate the 
width of the trace required.



 

Software 

Controller 

Flatfish is controlled by a laptop app . Flatfish’s controller is thus 40

entirely software-based, and does not require specialised equipment. 

A software controller reduces cost, both for users and in 

development; allows software updates to be released periodically for 

bug fixes and performance improvements; and allows users to 

customise their controllers with specialised plug-ins. Additionally, 

software running on existing consumer electronics can take 

advantage of their built-in WiFi hardware. 

Differential traces on the PCB

 The controller software was developed for macOS as a proof of concept. An alternative version for Windows can be easily created.40
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Notice how some of the traces 
meander. This is to ensure that 
both the positive and negative 
lines are exactly the same length.

Flatfish is controlled by a laptop 
app and thus will not require any 
specialised equipment



 

The live video feed from Flatfish’s camera takes centre stage, 

providing an expansive full-screen view of underwater conditions. 

The controller can record and export the streamed video and take still 

images. 

A collapsible sidebar displays sensor data and other information in 

rearrangeable palettes: Flatfish’s status such as battery level, signal 

strength, and systems status; movement and position information 

such as acceleration, speed, depth, attitude, and heading; and 

attachments information. The sidebar can be hidden to expose more 

of the video feed when not needed. 

 

Flatfish’s controller, seen here running on macOS. 
Simulated video: “Joi Ito” (CC license) 
MacBook Pro image: Apple

A sidebar provides information on Flatfish’s status, movement data, and attachment 
status.
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A collapsible sidebar displays 
sensor data and other information 
in rearrangeable palettes

The controller can record and 
export the streamed video, and 
take still images



Multiple inputs are required to manipulate Flatfish’s numerous control 

surfaces. The active input, the one currently accepting instructions, 

can be quickly changed using number keys. Both the arrow and WASD 

keys can be used for keyboard input. 

 Flatfish’s controller has multiple control inputs.

53

Multiple inputs are required to 
manipulate Flatfish's numerous 
control surfaces 

Both the arrow and WASD keys can 
be used for keyboard input



Additionally, Flatfish’s controller features a trackpad joystick as an 

alternative input method. The app reads the position of multiple 

fingers from the laptop’s multi-touch trackpad, and translates their 

position into Cartesian coordinates which are then interpreted as 

control inputs. This allows multiple simultaneous inputs; brings added 

versatility for custom attachments; and allows magnitude to be finely 

controlled. 

 

 

Communication 

Peripherals 
 

The Raspberry Pi Compute Module 3+ (CM3+), Flatfish’s main 

microcontroller, needs to interface with peripherals through various 

communication channels. This is enabled by communication 

protocols which standardise the format for data transfer, methods for 

Flatfish’s controller features a virtual trackpad joystick that can be customised to fit 
specific requirements.
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A variety of communication 
protocols are used by the CM3+ to 
talk to different peripherals 
depending on their respective 
needs.

A trackpad joystick can also be 
used as an alternative input 
method



synchronising communication, and methods to account for noise in 

the electrical signal. 

 

The CM3+ communicates with sensors, the motor controller, and the 

camera using the Inter-Integrated Circuit (I2C) protocol, an industry-

standard synchronous , multi-master , multi-slave, packet-41 42

switched , serial  communication bus (NXP Semiconductors, 2014). 43 44

It only requires two lines, a data line and a clock line, which frees up 

more pins on Flatfish’s microcontrollers for other devices. Data is 

transferred in messages with start and stop conditions, along with 

“acknowledge” (ACK) and “not-acknowledge” (NACK) bits; this reduces 

the detrimental effects of electrical noise, at the expense of data 

transfer speed. Common I2C bus speeds are the 100  kbps standard 

mode and the 400 kbps fast mode (NXP Semiconductors, 2014); these 

are sufficient as sensors and motors do not require particularly fast 

rates of data transfer. 

However, to communicate with the WiFi module, a faster data transfer 

rate is required to transmit live footage from the camera. Here, the 

Serial Peripheral Interface (SPI) is used instead; another industry-

standard synchronous serial communication interface. Unlike the I2C 

Compute Module

Teensy 
 (controls motors)

WiFi Module

IMU (sensor)

Camera

SPI

I²C

I²C

CSI

I²C

Diagram of the various communication protocols used by the CM3+ to interface with 
peripherals.

 synchronous:   a type of serial communication protocol where data is sent in a continuous stream at a constant rate.41

 Asymmetric communication involves some devices — "masters" — controlling other devices — "slaves".42

 packet switching:  a method of grouping transmitted data into packets.43

 serial communication:  the process of sending data one bit at a time, sequentially, over a communication channel.44
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The I2C protocol is used by the 
CM3+ to communicate with 
sensors, the motor controller, and 
the camera for its reliability and 
compactness. 

 
A compact sample I2C schematic 
using only the SDA and SCL lines. 
“Cburnett” (CC license)

Vdd
SDA
SCL

Rp

μC
Master

μC
SlaveSlave

ADC
Slave
DAC

The SPI is used by the CM3+ to 
communicate with the WiFi 
module for its high data transfer 
rate.



protocol, it has no start and stop bits, so data can be streamed 

continuously without interruption; and it does not require data 

acknowledgement, making the protocol simpler, and thus faster. Data 

transfer rate is not limited by the SPI specification, but rather by the 

core frequency of the devices, which allows it to reach speeds of up to 

600 Mbps  under ideal conditions on the Raspberry Pi CM3+. 45

Additionally, the Raspberry Pi Camera Module V2 uses the Camera 

Serial Interface (CSI) — which defines an interface between a camera 

and a host processor — to stream video from the camera to the CM3+. 

API service 

LilyPad hosts an application programming interface (API) service that 

exposes a set of functions to control and read sensor and attachment 

data from Flatfish. 

To allow the controller app to communicate with LilyPad, a 

WebSocket/Web Real-Time Communication (WebRTC) server is 

hosted locally  on the ESP32. Flatfish’s controller first connects to 46

the ESP32’s access point  before it begins to communicate with the 47

server. 

The Cordelia API specification will be published to allow third parties 

to create specialised attachments and controller interfaces that are 

optimised for their own needs. It will include a WebSocket API to 

establish WebRTC channels; a WebRTC API to receive live footage, 

control Flatfish and receive on-board sensor input; and an 

attachments API for custom-made attachments to interface with the 

CM3+ via a UART device. 

Live-streaming 

LilyPad uses the WebRTC application programming interface (API)  to 

stream video in real time  to the controller app. It was open-sourced 48

by Google in 2011 (Alvestrand), and has since become an industry 

 Derived by taking half the maximum core frequency of the Raspberry Pi CM3+ at 1.2 GHz (Raspberry Pi, 2019).45

 local network:  a type of network that is not connected to the world wide web.46

 access point:  a device that allows wireless devices to connect to a network.47

 real time:  relating to a system in which input data is processed within milliseconds so that it is available virtually immediately.48
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The Raspberry Pi Camera Module 
V2 uses the CSI to stream video to 
the CM3+.

A local server is hosted on LilyPad 
for the controller to communicate 
with Flatfish.

To allow third parties to cater to 
their own specialised needs, the 
Cordelia API specification will be 
published.

The WebRTC API — an industry 
standard for real-time video 
streaming — is used to stream 
video to the controller.



standard for video streaming used by popular products such as 

Google Meet, Facebook Messenger, and Discord. It was chosen over 

other common alternatives such as the Real-Time Messaging Protocol 

(RTMP) and the Apple Low Latency HTTP Live Streaming (ALHLS) for 

its lower latency and reliability. It is also fairly new compared to RTMP 

which relies on Adobe Flash Player, which has already been 

deprecated and has an official end-of-life date set to the end of 2020 

(Adobe, n.d.). 

One of the main factors contributing to WebRTC's lower latency is its 

use of the User Datagram Protocol (UDP) instead of the Transmission 

Control Protocol (TCP). TCP sends data in segments; after each 

segment, the sender waits for an acknowledgement (ACK) packet 

before sending the next segment. When errors in the data occur, error 

recovery needs to be performed. Conversely, UDP has no ACK 

mechanism and discards erroneous packets; which allows it to have a 

remarkably reduced latency, at the expense of data integrity. Since 

live-streaming prioritises latency over occasional dropped frames, 

UDP, and thus WebRTC is preferred. 

To ensure that data loss does not significantly affect the viewer's 

experience, WebRTC employs an adaptive hybrid negative 

acknowledgement (NACK)  and forward error correction (FEC) 49

mechanism with temporal layers . This is an error resiliency 50

mechanism where lost packets are retransmitted based on NACK and 

FEC (Holmer et. al., 2013). 

Since WebRTC has no signalling channel  to coordinate the 51

establishment of other channels (MDN contributors, 2020), the 

capabilities of the session and connection need to be negotiated 

through other means outside of the scope of WebRTC. For this 

purpose, WebSockets are used. 

 Not to be confused with the not-acknowledgement bits of the same name used by the I2C protocol.49

 temporal layers: the temporal scalability feature in the VP8 codec used in WebRTC, where temporal scalability refers to the ability to 50

reduce the frame rate of an encoded bitstream by dropping packets.
 signalling channel:  a channel where configuration information is sent between devices.51

57

WebRTC makes use of error 
resiliency mechanisms to ensure 
data loss is within acceptable 
limits.

WebSockets are used to establish 
channels for WebRTC.

WebRTC makes use of UDP to 
optimise latency over reliability. 

 
TCP with its many failsafes. 
“Clemente” (CC license)



WebSockets are used instead of the common Hypertext Transfer 

Protocol (HTTP) as they provide low-latency full-duplex  52

communication channels. With WebSockets, the connection 

handshake  only needs to be performed once as the connection is 53

persisted after the initial handshake; and the following messages only 

have 6 bytes of overhead  (Fette & Melnikov, 2011). Thus, the use of 54

WebSockets allows the server to take advantage of the fact that the 

controller is generally connected to the server for the entire duration 

of the dive. This reduces the time needed to establish WebRTC 

channels. 

Data channels 

In order to send commands to control Flatfish's propellors and read 

sensor input from Flatfish, LilyPad needs to be capable of sending 

and receiving JavaScript Object Notation  (JSON) data. For the 55

operator to have fine-grained control over Flatfish, it is of utmost 

importance for the controller to be sufficiently sensitive. As such, 

WebSockets cannot be used for this purpose as it uses only the TCP. 

Once again, the WebRTC API is used. It provides 2 types of data 

channels: unreliable data channels utilising UDP which are thus lossy, 

out of order, but fast; and reliable data channels utilising TCP with 

ordered, guaranteed, but slower delivery. This allows for a more 

versatile approach where motors can be controlled using unreliable 

data channels and sensor data can be dispatched using reliable data 

channels. 

Data processing 

Sensor fusion 

In order for Flatfish to combat noise from varying currents, loads, and 

the like, sensory data derived from disparate sources are combined 

 full-duplex: a type of communication where information exchange is bidirectional.52

 handshake:   a process of negotiation between two devices that establishes the protocols of a communication link.53

 overhead:   an excess of computation time, memory, bandwidth, or other resources required to perform a task.54

 JSON:    a commonly used lightweight format for storing and transporting data.55
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To send controls and retrieve 
sensor readings from Flatfish, 
WebRTC data channels are 
employed.

WebRTC data channels come in 
reliable and unreliable form, which 
provides the option of prioritising 
speed or data integrity depending 
on the circumstances. 

Sensor inputs are fused together 
with calculus and Kalman filters to 
counter noise.



such that the resulting estimation has less variance  than if the raw 56

data were used individually. This is done through the use of basic 

infinitesimal calculus to convert measurements to estimations of the 

same quantity, and then the use of Kalman filters to aggregate said 

estimations to yield a single — more accurate — estimate. 

Kalman filtering, also known as linear quadratic estimation, is the 

industry standard (Auger et al., 2013, p. 5458) for combining 

measurements that contain statistical noise  to produce a more 57

accurate estimate of the measured quantity. It works by computing 

the joint probability distribution  over the variables for each 58

timeframe; and relies on the assumption that the errors are Gaussian. 

However, it has been proven that if the covariances  of the process 59

and measurement are known, the Kalman filter is the best possible 

linear estimator when minimising mean-square-error regardless of 

Gaussianity (Humpherys et al., 2012). 

 

The illustration above shows how the optimal state estimate is 

attained for a given state. In the graph, all probability distributions of 

their respective estimations are represented as Gaussian functions. 

The predicted state estimate refers to the integral of the products of 

the probability distributions associated with previous state and the 

transition to the current time-step. When the product of the 

estimate2

estimate1 optimal state 
estimate

Kalman 
filter

probability 
density

estimateavg

estimate1

estimate2predicted 
state estimate

optimal state 
estimate

Illustration of the probability distributions of a single state in a Kalman filter.

 variance:    a quantity equal to the square of the standard deviation.56

 statistical noise:    the unexplained variability within a data sample.57

 joint probability distribution:  a distribution that gives the probability that each variable falls in any particular range.58

 covariance:    a measure of the joint variability of two random variables. (Rice, 2013, p. 138)59

59

Kalman filters help to combine 
noisy readings to compute more 
accurate equivalents. They rely on 
the principle of merging Gaussians 
of probability distributions. 

 
Joint probability distribution 
forming a multivariate normal 
samples. 
“IkamusumeFan” (CC license)

−5
0

5 −5
0

5
0
0.2
0.4



predicted state estimate and the estimates calculated from the latest 

measurements — estimate1 and estimate2 — are taken, the optimal 

state estimate Gaussian is formed. The mean of the resulting function 

can then be computed to obtain a state estimate that is unbiased with 

minimal variance. 

 

An estimate of the attitude of Flatfish is calculated from 

measurements of the angular velocity and acceleration of Flatfish 

acquired from the IMU. First, angular velocity is integrated in respect 

to time to get angular displacement, which is the first estimate of 

attitude: attitude1. Then, acceleration, which represents a vector of 

gravitational force acting on Flatfish — when stationary — provides 

the second estimate of attitude: attitude2. In order to calculate 

attitude2 when Flatfish is in motion, the IMU is factory-calibrated 

which allows the IMU to correct for other forces acting on Flatfish. 

The two estimates of attitude — attitude1 and attitude2 — are put 

through a Kalman filter which calculates a more accurate attitude. 

In this case, the use of angular velocity or acceleration to calculate 

attitude individually would be prone to error; as the integration of 

angular velocity amplifies noise, and the measurement of 

gravitational force is noisy as the IMU needs to correct for other 

forces acting on Flatfish, where Einstein's equivalence principle 

states that the effects of gravity on an object are indistinguishable 

from its acceleration. 

attitude2

angular displacement i.e. attitude1

attitudeKalman 
filter

angular velocity
∫ ω(t) dt

acceleration i.e. gravity vector

Flowchart depicting the derivation of attitude.
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Sensor fusion is used to calculate 
attitude with less deviance.

Without sensor fusion, the 
measured attitude would be 
inaccurate.



 

Flatfish's velocity is then acquired from the integral of acceleration 

over time. In order to do this, the inertial reference frame needs to be 

provided by the attitude of Flatfish estimated earlier in the form of the 

constant of integration. 

 

To calculate depth, the previously estimated velocity and a 

measurement of pressure exerted by water on top of Flatfish are 

used. Velocity can be integrated in respect to time to get 

displacement, which provides depth1; and depth2 can be estimated 

with pressure using the following formula: 

, 

where  is the depth of Flatfish; 

  is pressure exerted by water above Flatfish; 

  is the average density of water/seawater ; and 60

  is the acceleration due to gravity on Earth's surface . 61

Similar to the case for the calculation of attitude, the use of velocity 

and pressure to calculate depth individually would be unreliable. 

Velocity is integrated when calculating displacement which magnifies 

acceleration

∫ a(t) dt
velocity

provide inertial 
reference frame

attitude

Flowchart depicting the derivation of velocity.

depth2

displacement i.e. depth1

depthKalman 
filter

velocity

pressure

∫ v(t) dt

Flowchart depicting the derivation of depth.
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 There will be a setting on the controller to configure whether Flatfish would be driven in water or seawater.60

 The acceleration due to gravity on the Earth's surface is a sufficiently accurate estimate despite Flatfish being underwater for most of 61

the dive.
61

Sensor fusion is used to compute 
velocity.

Sensor fusion is used to compute 
an accurate depth.

Without sensor fusion, the depth 
reading would have high variance.



error, and pressure exerted by water sometimes fluctuates as 

currents may affect the reading. 

PID controller 

A proportional-integral-derivative (PID) controller is a common 

control loop used in many industrial systems that continuously 

controls the output based on feedback from sensors. As Flatfish 

encounters currents or uneven loads, its speed and attitude will differ 

from the desired value. Flatfish will automatically correct for this 

using a PID controller, making it significantly easier to operate. 

Given the measured error term , the PID controller attempts to 

minimise the error by varying a control function; which is expressed 

as a linear combination of the proportional, integral and derivative 

terms. By varying values of the tuning parameters , , and  in 

response to the measured , the controller can precisely 

determine the required control term to minimise the error and 

produce an output that causes the system to reach the desired value: 

the setpoint. 

In the case of Flatfish, the setpoint will be the intended velocity and 

attitude of Flatfish; the process will be the driving of the propellers; 

and the error will be calculated from the measurements of the 

velocity and attitude of Flatfish acquired from the IMU. 

Σ I Ki ⋅ ∫
t

0
e(τ) dτ

P Kp ⋅ e(t)

D Kd ⋅ de(t)
dt

Σ process
+ +

+

+

setpoint output

sensors

−

Model of a PID controller.
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PID controllers are used to adjust 
propellor velocities to correct for 
errors arising from currents or 
uneven loads.



Computer vision 

Underwater landscapes generally have low visibility due to less natural 

lighting as a result of the rapid attenuation of light in water. Since 

light attenuation underwater is to varying degrees dependent on 

wavelength, underwater environments tend to have a bluish tone. 

Additionally, some light rays are scattered before reaching camera 

setups particularly in turbid waters, resulting in low contrast. In order 

to allow operators of Flatfish to have a good view of their 

surroundings, image augmentation algorithms are used to enhance 

the video footage frame by frame. 

Neural networks are used to process each frame in the livestream. 

They comprise of an input layer which feeds each frame through 

several hidden layers, and then to the output layer. Between each 

layer, the data is transformed through multipliers which are learned 

through training. 

The controller app will use a model proposed recently by Islam et al. 

(2020): the fully-convolutional conditional GAN-based model (FUnIE-

GAN) for real-time underwater image enhancement. It makes use of a 

generative adversarial network (GAN): a type of machine learning 

where two neural networks — the generator and the adversarial — 

train by competing in a game (in the sense of game theory). In the 

FUnIE-GAN, the generator tries to learn the mapping of raw 

underwater stills to enhanced images by evolving with an adversarial 

discriminator  through an interactive minimax  game. The generator 62 63

would come in the form of an encoder-decoder network , while for 64

the discriminator, the Markovian PatchGAN (Isola et al., 2017) is used. 

However, since the FUnIE-GAN requires a lot of computational power 

to run; where experiments conducted by Islam et al. (2020) found that 

at a resolution of 256 x 256, it operates at a rate of 148.5 frames per 

second (FPS) on a graphics card (NVIDIA GTC 1080), but 25.4 FPS on a 

single-board computer (NVIDIA Jetson TX2). Thus, an alternative 

 discriminator: a neural network which classifies data produced by the generator in a GAN to give it feedback on its accuracy.62

 minimax: a decision rule for minimizing the possible loss for a worst case scenario.63

 encoder-decoder network: a network which condenses input data into a compact vector — the encoder —, which then unpacks it to fit 64

the output layer — the decoder.
63

Image augmentation algorithms 
are used to combat poor visibility 
underwater.

 
Visible light penetration 
underwater. 
National Oceanic and 
Atmospheric Administration 
(NOAA) (Public Domain)

The controller app uses the 
FUnIE-GAN model for underwater 
image enhancement when there is 
sufficient processing power.

When a performant GPU is not 
available, the controller app 
defaults to the WCID model to 
process images.



image processing mode will be also be accessible on the controller 

app — the WCID. The mode will automatically be selected based on the 

availability of graphics processing units (GPUs) on the laptop hosting 

the controller app. 

 

The wavelength compensation and image dehazing (WCID) model 

(Chiang & Chen, 2012) is a deterministic  approach which corrects an 65

underwater image by segmenting it into the foreground and 

background, considering artificial light sources, and compensating 

for light scattering and colour distortion. Since it does not require as 

many operations as the FUnIE-GAN due to its deterministic nature, it 

does not require as much processing power, at the expense of image 

correction quality. 

Flowchart of the WCID algorithm (Chiang & Chen, 2012). 
 refers to the course of propagation from the object to the camera, while , 

, and  correspond to the water depth, image depth range, and artificial light 
source respectively.

d(x) D
R L

 deterministic: a descriptor of an algorithm which, given a particular input, will always produce the same output.65

64



The simpler integrated color model by Iqbal et al. (2007) — which relies 

on histogram equalization  algorithms — was considered. However, 66

due to its naive nature, it produces images of lower quality; such as 

ones that are over-saturated. Thus, it is unsuitable for use with 

Flatfish. 

 histogram equalization: a method of contrast adjustment using the image's histogram.66
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Components 
The following is a list of major components to be used on Flatfish and 

LilyPad. 

Microcontrollers 

Raspberry Pi Compute Module 3+, Teensy Low Cost (LC), 

Arduino Nano 

Battery & power 

12 V 18 Ah lithium polymer batteries, MP1584 (24 V to 5 V 

step-down), PAM2306 (5 V to 3.3 V and 1.8 V step-down) 

Movement 

GPBLDC3650 (thruster motor), SG90 (servomotor for  

gimbal) TD-8120MG (servomotor for arms), JGB37-3530 

(attachment motor) 

Sensors 

Raspberry Pi Camera Module V2, MPU-9250 (accelerometer, 

gyroscope and magnetometer) 

Communication 

ESP32 (WiFi module), female Micro-USB connector, 

microSD card slot 

Electrical components 

IRF7404 (MOSFET for LEDs), BZX84C5V1 (zener diode), 

BSS138 (transistor), TLC5940 (PWM multiplexer), VNH5019 

(driver chips), ACS712-20A (Hall sensor), INA169 (op amp for 

shunt), APTR3216ZGCK (green LEDs), LTW-E670DS (white 

LEDs), IRF8788TRPBF (MOSFET), resistors 9 mΩ to 700 kΩ, 

capacitors 100 pF to 47 µF, inductors 2.2 µH to 4.7 µH(for 

step-downs) 
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Methodology 

The design methodology for this project can be broadly separated into 

mechanical design, electrical design, fabrication, software design, 

and analysis. 

Mechanical design 
Due to the technical complexity of Flatfish and LilyPad, their 

components cannot be designed without detailed planning. 

Computer-aided design (CAD) software such as Autodesk AutoCAD 

and Autodesk Fusion 360 will be used for mechanical design. Both 

were chosen for their wide-ranging capabilities, ease of use, and 

acceptance in the industry. CAD is an important asset as it allows 

custom components to be designed and refined over several 

iterations to fit specified needs. 

 

67

Professional CAD software are 
used to design intricate models of 
Flatfish and LilyPad.



Electrical design 
Autodesk Eagle — another form of CAD software — was used to design 

the PCB. The PCB design starts off as a schematic, where a circuit 

diagram is drawn in Eagle and components are represented by various 

symbols. This is then translated into a board layout where 

components can be rearranged, decals and annotations can be made 

on a silkscreen, connections can be drawn with copper traces, and a 

ground plane can be created with a copper pour. Additionally, 

Autodesk Eagle boasts its own form of error detection, the design rule 

check (DRC), which helps to ascertain that all aspects of the PCB 

design are manufacture-friendly; thereby helping to ensure a safe and 

reliable PCB design. 

 

 Schematic and board layout of Flatfish's PCB
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The PCB schematic was designed 
with Autodesk Eagle which comes 
with built-in error detection.



Manufacturing  
Models designed in Fusion 360 and AutoCAD were then transferred 

into Cura Ultimaker — a software with over 400+ customisable 

settings for optimising 3D printing — to be sliced  and made available 67

for printing. Additionally, 3D printers can be calibrated with Cura 

Ultimaker to improve print quality. 

Models made using software such as Fusion 360 and AutoCAD are 

vetted to be print-friendly. 3D printers require a solid base in order to 

continue the layer-by-layer printing process, thus rendering the 

printing of suspended horizontal platforms impossible. One solution 

includes fitting 45-degree chamfers  to overhangs. This led to our 68

models being edited to ensure that regions requiring high printing 

accuracy conform to the printing requirements of the 3D printers 

without the usage of additional supports. 

Another solution is to shear off material by utilising concepts that 

inculcate a web-like design where unnecessary material is cut out. 

This design concept reduces costs, weight and printing time while 

boosting production speed. 

Software 

Microcontrollers 

The ESP32 and Teensy LC's firmware need to be precompiled on an 

external computer and flashed onto their memory, as their chips do 

not have sufficient memory to host and compile codebases . This 69

type of development is called embedded development, and requires 

the use of toolsets to interface with the embedded systems. 

 Slicing: generating a CAM for a 3D model67

 (in carpentry) cut away (a right-angled edge or corner) to make a symmetrical sloping edge68

 codebase: a collection of source code used to build a particular software system.69

69

Cura Ultimaker helps to 
preprocess models to prepare for 
manufacturing in 3D printers.

Many precautions were taken to 
ensure that the model is capable 
of fabrication in 3D printers.

The development tools chosen 
boast a wide range of features for 
developer productivity, and vast 
official and community support.



The PlatformIO Integrated Development Environment (IDE) — a toolset 

for embedded C/C++ development — is used to program the ESP32 

and Teensy LC alongside Visual Studio Code (VSCode) — a source-

code editor made by Microsoft. The PlatformIO IDE comes with a 

unified debugger; a static code analyser ; a multi-platform and multi-70

architecture  build system; a firmware file explorer; and a memory 71

inspector (PlatformIO, n.d.). Since it can build firmware for multiple 

platforms, the same tool can be used to program both the ESP32 and 

Teensy LC; and its integrated debugging tools leads to a rise in code-

writing productivity. 

 

The Espressif IoT Development Framework (ESP-IDF) and Arduino 

framework are used for programming the ESP32 and Teensy 

respectively. They are chosen as they are the official development 

frameworks for their corresponding boards; and thus they have more 

community support and are more feature-packed, allowing code to be 

written more easily. 

The Raspberry Pi Compute Module 3+ in Flatfish runs Raspberry Pi OS, 

the Raspberry Pi Foundation's official operating system. It is based on 

Debian — a Linux distribution — which is a general-purpose OS. 

A Visual Studio Code window running PlatformIO.

 static code analysis: a method of debugging by examining source code before a program is run.70

 architecture: a set of rules and methods that describe the functionality, organisation, and implementation of computer 71

systems.
70

PlatformIO is used to program 
microcontrollers as it has an 
extensive feature set.

The ESP-IDF and Arduino 
framework are used to program 
the microcontrollers as they have 
substantial official and community 
support.



(Raspberry Pi, n.d.) Thus, there is no longer a need to use low-level  72

programming languages such as C or C++.  

Python — an interpreted , high-level  programming language — is 73 74

used to program the CM3+ as it more human-readable, which 

increases productivity particularly during software maintenance 

(Dorn, 2012). Since it is interpreted, it does not need to be 

precompiled — at the expense of longer execution time — leading to a 

reduction in development time. This adverse effect on execution time 

is within acceptable limits as for most libraries used, the Python code 

calls the more low-level C or C++ functions which are faster. 

Controller 

To program the controller app, the SwiftUI framework — an official 

framework advocated by Apple that is used to build user interfaces 

across all Apple platforms (Apple Inc., 2019) — is used. SwiftUI uses a 

declarative syntax, a programming paradigm that describes the logic 

of a computation without going into detail about its control flow 

(Lloyd, 2019, p. 3). This leads to more human-readable code, saving 

development time and reducing maintenance load. Xcode — the code 

editor provided by Apple — also possesses intuitive design tools to 

build interfaces with SwiftUI; an example being Previews, a feature 

where changes to code are instantly visible as a preview as one types, 

without the need for manual recompilation or execution of code. This 

leads to an increase in developer productivity. 

 low-level: a type of programming language that provides little abstraction from a computer's instruction set architecture.72

 interpreted language: a type of programming language where instructions are executed directly, without precompiling the    program 73

into machine code.
 high-level language: a class of programming language with strong abstraction from the details of the computer.74

71

The CM3+ will run Python code as 
it is more human-readable, 
reducing maintenance load.

The SwiftUI framework is used to 
program the controller for its 
intuitive design tools and the 
declarative nature of Swift.



 

Computer vision 

The FUnIE-GAN would be run using the TensorFlow library, which is 

commonly used for machine learning tasks in the industry. It would 

undergo paired trained using the Enhancement of Underwater Visual 

Perception (EUVP) dataset, which was presented with FUnIE-GAN by 

Islam et al. (2020). 

Python in combination with the OpenCV framework — a popular 

framework for computer vision — would be used to run the WCID 

algorithm on the livestream footage. 

Analysis 
Frequent analysis and evaluation forms the basis of the iterative 

design process undergone by most components. Designs are created, 

then analysed and evaluated, before they are modified based on the 

results obtained . The process is continually repeated until a fully 75

optimised design is obtained. 

An Xcode window showing SwiftUI’s live preview.

 Analysis results are explained in detail in Results.75

72

TensorFlow, OpenCV, and the 
EUVP large-scale dataset are 
used for image processing as they 
are well-supported.

Designs were created and 
analysed using various computer-
simulated and physical methods.



Computational fluid dynamics 

Using Autodesk CFD, computational fluid dynamics (CFD) simulations 

were used to qualitatively and quantitatively model Flatfish’s 

hydrodynamic properties. Components causing highly turbulent flow 

or with a high coefficient of drag were modified to be more 

streamlined. 

k-ε turbulence model 

The k-ε turbulence model was used to model turbulence 

characteristics and calculate drag. 

Turbulent flow can be described by the Navier-Stokes equations, a 

pair of partial differential equations that describe the flow of 

viscous  fluids (Hosch, 2020). This is a simplified representation: 76

, and 

, 

where  is a velocity vector; 

  is fluid density; 

  is time; 

  is fluid pressure; 

  is the sum of force acting on the fluid; and 

  is fluid viscosity. 

The Navier-Stokes equations represent established and well-

understood concepts in physics — the law of conservation of mass 

(first equation) and Newton’s Second Law (second equation). 

∇ ⋅ ⃗V = 0

ρ
D ⃗V
Dt

⏟
acceleration

= −∇p + μ∇2 ⃗V

internal forces

+ ρF⏟
external forces

⃗V

ρ

t

p

F

μ

 viscosity: the resistance of a fluid against deformation, corresponding to the informal concept of “thickness”. All real fluids are viscous.76
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The Navier-Stokes equations can 
model turbulent flow.

CFD models the fluid flow around 
components.



However, the full Navier-Stokes equations, which include derivations 

for each term, are extremely complex. There are four independent 

variables — the , , and  spatial coordinates; and , time — and six 

dependent variables — ; ; the three components of velocity, , , 

and ; and temperature  (National Aeronautics and Space 

Administration [NASA], 2016). There is as yet no mathematical proof 

that solutions to the Navier-Stokes equations always exist in three 

dimensional space, or whether they are smooth; the Navier-Stokes 

existence and smoothness problem is one of the seven Millennium 

Prize problems, unsolved open problems in mathematics (Clay 

Mathematics Institute, 2020). 

In practice, for all but the simplest flow scenarios, it is not possible to 

directly solve the Navier-Stokes equations (Pope, 2000). CFD 

simulations therefore use simplified Reynolds-averaged Navier-

Stokes (RANS) equations, and, consequently, are approximations that 

predict the overall statistical evolution of turbulence, as opposed to 

specific second-by-second fluid flow at every position (Autodesk, 

2020). The RANS equations introduce a term for Reynolds stress: 

. 

The Reynolds stress term needs to be modelled to close the equation; 

the other terms are already solvable. This is typically done using the 

Boussinesq hypothesis (Stanford University, n.d.): 

; 

thus the Reynolds stress term is expressed as known terms, with the 

exception of one: , turbulent viscosity. 

x y z t

p ρ u v

w T

∂(ρU )
∂t

+ ∇ ⋅ (ρUU ) = −∇p + ∇ ⋅ [μ (∇U + (∇U )T)]
+ρg − ∇(2

3
μ(∇ ⋅ U ))

−∇ ⋅ (ρU′ U′ )
Reynolds stress

−ρU′ U′ = μt [∇U + (∇U )T]
mean velocity gradients

−
2
3

ρk I −
2
3
(∇ ⋅ U )I

μt
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Navier-Stokes equations are 
highly complex and cannot be 
directly solved in most cases.

Reynolds-averaged Navier-Stokes 
equations are solved to obtain a 
time-averaged representation of 
turbulence.

The Boussinesq hypothesis is 
used to find the unknown Reynolds 
stress term in the RANS 
equations.



Turbulence models exist to model the  term. The k-ε model 

separates turbulence into two terms: , turbulent kinetic energy; and 

, turbulence dissipation rate (NASA, 2015).  is thus given by: 

. 

Because turbulence can be advected  and diffused ,  and  can be 77 78

expressed as transport equations . 79

The transport equation for  is as follows (Launder & Sharma, 1974): 

  

where  is density; 

  is velocity in 3-dimensional space; 

  is viscosity; 

  is a constant; 

  is production of  due to mean velocity shear ; 80

  is production of  due to buoyancy; 

  is the natural dissipation of ; and 

  is a user-defined sink . 81

In other words: 

the rate of change of  in time + transport of  by advection = transport 

of  by diffusion + rate of production of  − rate of destruction of . 

μt
k

ε μt

μt = Cμ
ρk2

ε

k ε

k

∂(ρk)
∂t

time 

+ ∇ ⋅ (ρUk)

advection

= ∇ ⋅ [(μ +
μt
σk)∇k]

diffusion 

+ Pk + Pb − ρε + Sk
sources, sinks 

ρ

U

μ

σε

Pk k

Pb k

ρε k

Sk

k k

k k k

 advection: a mechanism of energy transport in which energy is carried by fluids in bulk flow due to a pressure gradient, 77

where there is net movement of matter.
 diffusion: a mechanism of energy transport in which energy is transferred between particles to even a concentration 78

gradient, where there is no net movement of matter.
 transport equation: (in this context) an equation that describes phenomena where energy is transferred by both advection and 79

diffusion. Also known as an advection-diffusion equation.
 mean velocity shear: shear stress in a fluid moving along a solid boundary, caused by a difference in velocity as the flow speed changes 80

from zero at the solid boundary to the overall flow speed.
 sink: (in this context) a mechanism that dissipates turbulent kinetic energy.81
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Turbulence models exist to find 
the unknown turbulent viscosity 
term in the Boussinesq 
hypothesis.

The k-ε model splits turbulence 
into two terms: turbulent kinetic 
energy and turbulence dissipation 
rate.



The transport equation for ε is similar (Launder & Sharma, 1974): 

 

where , , and  are model coefficients that vary depending on 

the specific use case. 

In other words: 

the rate of change of  in time + transport of  by advection = transport 

of  by diffusion + rate of production of  − rate of destruction of . 

The coefficients , , and  are damped by corresponding 

damping functions , , and . The purpose of damping is to account 

for the effect of viscosity near solid boundaries; solids naturally block 

turbulent eddies from forming, and this phenomenon must be 

accounted for for the k-ε model to apply inside the laminar sublayer . 82

Depending on the proximity to the wall, either viscous or turbulent 

forces dominate. 

The variable in each damping function is the turbulent Reynolds 

number, which describes the strength of near-wall turbulence relative 

to viscosity  (Encyclopaedia Britannica, 2019): 

. 

Near the wall,  is decreased because turbulent eddies are physically 

blocked, whereas  is increased because high velocity shear rapidly 

dissipates turbulent kinetic energy. Consequently, as the proximity to 

the walls increases,  decreases, and viscous forces dominate; 

conversely, 

∂(ρε)
∂t

time 

+ ∇ ⋅ (ρUε)
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μt
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k
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 laminar sublayer: a boundary layer surrounding solid surfaces in which the proximity to the solid, along with the viscosity of the fluid, 82

causes the flow to become laminar.
76

The k-ε model is damped to 
account for viscosity near walls.

The turbulent Reynolds number 
relates wall distance to turbulence 
and viscosity.



The  damping function is thus defined, as proposed by Launder & 

Sharma (1974): 

. 

 is applied to the entire turbulent viscosity term : 

, 

and thus damps every cell in the mesh, rather than exclusively 

damping those adjacent to walls. As  tends to ,  tends to 1; 

hence, the further from the wall, the closer  returns to its original 

undamped value, because turbulent forces dominate viscous forces. 

Launder & Sharma (1974) proposed the following definition for : 

. 

 is applied to the term for the dissipation of : 

 

As  decreases near the wall,  reduces dissipation of , thus there 

is a higher dissipation of . This is expected because viscous forces 

dominate turbulent forces. 

Launder & Sharma (1974) did not find any noticeable improvement in 

varying the value of the damping function , so it is defined as: 

, 

thus it is essentially removed from the equation. 

Drag coefficient 

The coefficient of drag was calculated for each CFD model to 

quantitatively determine the effect of turbulence in terms of the 

amount of hydrodynamic drag produced. 

fμ
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The drag coefficient was 
calculated to quantify drag.



The drag coefficient is a dimensionless quantity that is used to 

quantify the drag of a moving object in a fluid (Autodesk, 2018). A 

lower drag coefficient indicates that the object is more 

hydrodynamic. The coefficient of drag is thus defined: 

, 

where  is the drag coefficient; 

  is the drag force; 

  is the density of the fluid; 

  is the flow speed; and 

  is the frontal area. 

The total drag force in one direction was calculated as part of the 

simulation. The known values were then substituted into the formula 

to find . 

Procedure 

Extraneous details — including cavities, small chamfers, and other 

small features — that have little effect on the overall result, but which 

dramatically complicate the simulation were first removed. This 

reduces the complexity and runtime of the simulation. 

A three-dimensional fluid model was then generated to engulf the 

solid model, whose dimensions were made four times larger than the 

solid model to avoid artificially accelerating the flow by constricting 

the fluid. 

Boundary conditions were set for the inlet and outlet. For all 

simulations, the inlet was set to 1 ms-1 and and the outlet was set to 

0 Pa. 

3D models were approximated into meshes — simpler geometric 

representations — composed of varyingly-sized cells. CFD results 

were calculated for each cell as a whole, which dramatically reduces 

the complexity of the simulation. In addition to the automatically 

sized meshes, a mesh region was added to define custom mesh sizes 

Cd =
2Fd

ρv2A

Cd

Fd

ρ

u

A

Cd
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The procedure for CFD involves 
building and preparing 3D models, 
setting boundary conditions, and 
setting mesh sizes.



downstream of Flatfish. These areas are where the most turbulence is 

expected, thus a finer mesh size is used to obtain a more accurate 

result (Autodesk, 2020). A balance must be struck between using 

small mesh sizes to obtain a more accurate and high resolution result; 

and avoiding an excessive cell count which would dramatically 

lengthen simulation time. 

Motion analysis 

Parts of Flatfish include complex mechanisms, comprising of multiple 

moving components. Their interactions with each other can be 

simulated to predict potential issues. Motion studies within Fusion 

360 can reveal design issues with moving parts, thus allowing 

enhanced efficiency and reduction of component wear.  

Static stress analysis 

Flatfish includes components, such as the arms, that may be required 

to support static stress. To ensure they are able to withstand the load, 

static stress analysis will be conducted with Autodesk Fusion 360. 

Computer simulations will reveal stressed areas when components 

are placed under load. Weaker areas can be reinforced with additional 

material, while material can be removed from areas not under load to 

reduce weight and cost. 

Water ingress indicators 

Passive, non-electrical liquid contact indicators were fitted along the 

seam between the upper and lower shells and at other important 

locations. They were made by applying a layer of dried water-soluble 

pigment underneath a piece of white absorbent paper. Any water that 

comes into contact with the indicator will dissolve the pigment and 

stain the paper. 
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Liquid contact indicators show 
signs of water damage during 
testing.

Motion analysis ensures that 
Flatfish’s mechanisms work as 
expected.

Static stress analysis reveals 
weaknesses in Flatfish’s 
components.



 

Even if the water then evaporates, because the pigment has stained 

the paper, it will leave behind a permanent mark. Thus the indicator 

reveals whether water was ever in contact with it rather than whether 

it is wet. 

No water present Indicator is still wet with water

Any water left has either evaporated or 
been absorbed 
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Results 

Noise reduction 
After repeatedly experimenting with SMPSs and varying combinations 

of different capacitors, three noise-free signals were produced. Each 

of the voltage signals (1.8 V, 3.3 V, and 5 V) produced by SMPS were 

measured by the INSTEK GDS-810C oscilloscope (Fig 1.1a, 1.1b, 1.1c). All 

three voltage signals appear close to the ideal DC voltage signal, with 

a minimal amount of noise remaining. The remaining amount of 

electrical noise could be attributed to the internal circuitry of the 

oscilloscope itself; as the signal detected by the probe goes through 

multiple ICs and other circuitry before reaching the screen, some level 

of noise will always be present. 

 

Fig 1.1a A measured 5 V signal. Fig 1.1b A measured 3.3 V signal.

Fig 1.1c A measured 1.8 V signal.
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Capacitors of differing 
capacitances and materials were 
used to dampen electrical noise. It 
was found that a combination of a 
0.22 µF MLCC and a 33 µF 
electrolytic capacitor yielded the 
best results.



To determine the effectiveness of various capacitors in suppressing 

different types of electrical noise, a simple set up was constructed. A 

Texio FG-274 function generator was used to send different types of 

signals at varying frequencies to an INSTEK GDS-810C oscilloscope. 

However, due to limitations imposed by the oscilloscopes, a numerical 

value for electrical noise could not be obtained. Thus, waveforms 

were used to showcase the amount of noise present instead. 

First, a 200 kHz square wave signal was used. 

 

  

Fig 1.2a No capacitor 
Without any capacitor, 
the square wave input 
resulted in a noisy square 
wave output.

Fig 1.2b 0.22 µF MLCC 
Ultimately, a smaller 
capacitor value was 
needed to reduce the 
noise levels even further. 
However, even with 
0.22 µF, the number of 
voltage spikes and sags 
present in the signal was 
not ideal. 
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From Fig 1.2a to Fig 1.2e, it can be deduced that in order to minimise 

high frequency noise levels as much as possible, a smaller value 

capacitor was used. This is probably because smaller value capacitors 

Fig 1.2c 4.7 µF  MLCC 
As capacitors prevent 
voltage levels from rising 
and falling instantly, the 
4.7 µF capacitor damped 
the square wave slightly.

Fig 1.2d 10 µF MLCC 
With a 10 µF MLCC, the 
square wave was more 
damped because the 
capacitor stores more 
energy.

Fig 1.2e 47 µF MLCC 
As the capacitance 
continues to increase, 
the square wave signal 
begins to resemble an 
ideal, flat DC signal. 
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tend to have better frequency responses and lower impedances at 

higher frequencies, as compared to larger value capacitors.   

Then, an 88 Hz sine wave signal was used. 

 

 

 

Fig 1.3a 4.7 µF MLCC 
Adding a 4.7 µF MLCC 
had little effect on the 
88 Hz sine wave.

Fig 1.3b 10 µF MLCC 
With a larger 
capacitance, the sine 
wave is slightly damped. 
However, the amount of 
noise still present is far 
from ideal. 

Fig 1.3c 4.7 µF 
electrolytic 
After the capacitor type 
was changed, a 
significant improvement 
in signal quality was 
immediately observed. 
However, more 
improvements could be 
made to obtain a more 
ideal DC signal.
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From Fig 1.3a to Fig 1.3e, it can be deduced that electrolytic capacitors 

work best at low frequencies while MLCCs work best at high 

frequencies. In order to obtain a signal that is free of noise, both types 

of capacitors must be used to filter out noise of different frequencies.  

Fig 1.3d 10 µF electrolytic 
Even with a larger 
capacitance, the signal 
appeared unchanged 
from when a 4.7 µF 
electrolytic capacitor 
was used.

Fig 1.3e 0.22 µF MLCC + 
33 µF electrolytic 
A low value MLCC was 
added along with an 
electrolytic capacitor 
with a larger value, 
thereby filtering out and 
suppressing noise from 
different frequencies to 
give a clean signal
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Computational fluid dynamics 
Computational fluid dynamics (CFD) simulations were conducted on 

major components on Flatfish to qualitatively and quantitatively 

determine their hydrodynamic properties. 

Their designs were then modified based on the results. 

Body 

CFD simulations were conducted on Flatfish’s body to ascertain its 

overall hydrodynamic properties. 

An early design for Flatfish was simulated, and a horizontal flow trace 

was created (Fig 2.1a). Another simulation was run on a near-flat plane 

(Fig 2.1b). 

 Fig 2.1a Flow trace for an early Flatfish design.
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CFD simulations were used to 
qualitatively and quantitatively 
determine Flatfish’s hydrodynamic 
properties.

CFD analysis revealed that the 
abruptly ending flat rear of an early 
Flatfish design caused highly 
turbulent flow.



 

From the flow traces in Fig 2.1a, it can be deduced that there is highly 

turbulent flow in the downstream region, behind Flatfish, as indicated 

by recirculating fluid, chaotic motion, and turbulent eddies. 

Comparing Fig 2.1a and Fig 2.1b, this is likely caused by the large, flat 

area near the vertical thruster mounts (Fig  2.1c) that causes water 

flow to detach abruptly, thus creating turbulence. 

 

Fig 2.1b Flow trace for a near-flat plane.

Fig 2.1c The nearly flat vertical motor mount behind flatfish.
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Based on this, a new design with a more gradually sloping 

configuration (Fig  2.2a) was created, which was meant to minimise 

flow separation. A second simulation was conducted to test its 

hydrodynamic properties (Fig 2.2b). 

 

 

From Fig 2.2b, it can be observed that recirculation has been virtually 

eliminated, resulting in a more laminar downstream flow with less 

energetic eddies. 

Fig 2.2a A new design with a more streamlined rear.

Fig 2.2b Flow trace for the updated design.
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An updated design with a 
smoother rear produced better 
results.



Vertical thruster mounts 

CFD simulations were done on various designs for Flatfish’s vertical 

thruster mounts, as they are amongst the most prominent features, 

thus generating notable drag (Fig 2.3). 

 

A plane for turbulent kinetic energy was created for an early design of 

the vertical thruster mount (Fig 2.4). 

 

From Fig 2.4, it can be seen that there is relatively high turbulence in 

the downstream region of the vertical motor mount, as indicated by 

large areas with high turbulent kinetic energy. 

Fig 2.3 Vertical thruster mounts are a prominent feature and may create drag.

Fig 2.4 Turbulent kinetic energy plane for an early design of the vertical motor 
mount.
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CFD simulations were run on two 
iterations of the designs for 
vertical thruster mounts.

A circular shape produces higher 
turbulence downstream.



The design was then improved by modelling it after a teardrop, the 

shape with the lowest theoretical coefficient of drag. A turbulent 

kinetic energy plane and a flow trace were obtained for a teardrop (Fig 

2.5). 

 

 

From Fig  2.5a and Fig  2.5b, it can be seen that the teardrop’s 

hydrodynamic properties allow flow to remain attached for the length 

of its body, thus resulting in a significantly lower turbulent kinetic 

energy, especially downstream. 

Based on this, the design for the vertical motor mount was updated 

with a gently sloped rear to minimise flow separation. 

Fig 2.5a Turbulent kinetic energy plane for a teardrop.

Fig 2.5b Flow trace for a teardrop.
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The design of the vertical motor 
mount was modelled after a 
teardrop to improve its 
hydrodynamic properties.



 

From Fig 2.6, it can be deduced that areas of high turbulent kinetic 

energy are greatly reduced as a result of the change in design. 

The drag coefficients for both the original design and the final design 

were calculated. The original design experienced a drag of 1.65057 N, 

and had a frontal area of 4.140  ×  10-3 m2, giving a drag coefficient of 

0.7974. The revised design experienced a drag of 1.49273 N, and had 

the same frontal area of 4.140  ×  10-3 m2, giving a drag coefficient of 

0.7211. 

Additionally, drag coefficients were tested while mounted onto 

Flatfish. Using the original mount, Flatfish experienced a drag of 

8.4535  N, and had a frontal area of 0.02156  m2, giving a drag 

coefficient of 0.7974. Using the redesigned mount, Flatfish 

experienced a drag of 7.2635  N, and had the same frontal area of 

0.02156 m2, giving a drag coefficient of 0.6738. 

Fig 2.6 Turbulent kinetic energy plane for a revised design of the vertical motor 
mount.
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The updated design produced a 
lower coefficient of drag, both 
when isolated and while mounted 
on Flatfish.



Motion analysis 

Arms 

Results obtained from motion analysis include the angles of freedom 

of the arms and gimbal. Software analysis performed on an outdated 

model showed limited angles of movement on the arm, being 5 

degrees for the shoulder on the x-axis plane and 130 degrees on the y-

axis plane. The elbow had a limited movement of 120 degrees. 

 

Analysis on the current model include greater freedom of the arm, 

with 15 degrees of the shoulder on the x-axis plane and 143 degrees on 

the y-axis plane; along with 135 degrees of freedom on the elbow. 

 

Fig 3.1a Initial angles of freedom of the arm

Fig 3.1b Angles of freedom of the arm
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Motion analysis reveals a greater 
range of motion between earlier 
and later designs.



Gimbal 

The gimbal encountered problems on the first model, where it was 

unable to reach 180 degrees of freedom on the x-axis plane and 60 

degrees of motion on the y-axis plane; thus being unable to fully 

utilise the amount of space given for video capturing. 

 

After tweaking the dimensions of Flatfish's camera mount, motion 

reached 190 degrees of freedom on the x-axis plane and 72 degrees of 

movement on the y-axis plane. 

 

Fig 3.2a Initial angles of freedom of the camera

Fig 3.2b Angles of freedom of the camera
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Static stress analysis 
Static stress analysis performed on models in the simulation 

workspace display the strength and flexibility of components. After 

stress analysis simulations, design improvements are made 

accordingly to prevent permanent deformation or damage. 

Arms 

Flatfish's arms are designed to be thinner on the ends as the attached 

motor can double up as a stopper to prevent deformation of the arm 

joint. 

 

Shell 

ABS plastic is used for the shell, and is proven to be highly impact 

resistant as compared to other 3D printing material alternatives.  

 

Fig 4.1 Middle section of arm is shown to have minimal deformation or stress

Fig 4.2a Static stress analysis on an ABS shell
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Static stress analysis revealed the 
structural integrity of Flatfish’s 
components.



 

From figures 4.2 and 4.3, it can be deduced that ABS has a higher 

impact resistance as compared to PLA due to a smaller magnitude of 

displacement. It is for this sole reason that ABS was chosen over PLA. 

Propeller guards 

As compared to the older model, the new design has a teardrop shape 

that better distributes force to minimise pressure at a single point. 

 

The purpose of static stress analysis is to simulate different materials 

under a directional force to derive the most optimal material and 

design. This can be applied when Flatfish incurs potential cracks or 

leaks upon impact against underwater structures. Designers can 

select their materials through results obtained in the analysis to 

balance between rigidity and flexibility; or improvise with designs that 

allow for better impact distribution, resulting in a shell with higher 

impact resistance. 

Fig 4.2b Static stress analysis on an PLA shell

Fig 4.3 Stress and displacement under 5N of force in the direction of shown arrow
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Conclusion 

This study has shown that an alternative solution can be designed 

which conceivably replicates much of the same functionality as 

commercial competitors. 

The proposed design addresses all of the aims set forth at the onset 

of this paper. In terms of cost, Flatfish cost SGD  600 to develop; 

Flatfish can make use of attachments to conduct repair, sampling, 

and maintenance; its camera allows it to conduct inspection; its 

controller allows it to be operated remotely; its five thrusters give it 

instant control of all axes of attitude and two axes of translation 

motion; and its simplified design and setup, as seen in components 

such as its plug-and-play attachment connectors, improve ease of 

use. 

In these key regards, the proposed design can compete with, and 

even surpasses, existing solutions. 

A fully functioning physical prototype could not be constructed and 

tested due to COVID-19 restrictions. In its place, advanced analysis 

methods such as computational fluid dynamics simulations were 

used to demonstrate the sophistication of Flatfish’s design. 
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Flatfish fulfils the design aims of 
cost, attachments, inspection, 
remote control, manoeuvrability 
and ease of operation



Limitations 
Due to COVID-19 restrictions, a fully operational model could not be 

created. Flatfish thus remains a proof of concept. 

Extrusion 3D-printing was found be a slow, inefficient, and inaccurate 

fabrication method. Extrusion 3D-printing itself is also, by its nature, 

a slow and inefficient process because supports need to printed for 

overhanging features. Additionally, 3D-printing is typically best used 

for products with at least one flat surface to rest on the build plate, 

which was often found to be incompatible with the curved shape 

required by Flatfish. Over the duration of the manufacturing process, 

3D-printers required continual adjustment and calibration to produce 

prints of acceptable quality. 

Flatfish does not have ballast tanks or similar mechanisms to control 

its depth without using thrusters. This was a design choice to 

maintain a compact and simple design that would be less prone to 

failure, but does create the side effect that the net force acting on 

Flatfish changes depending on the temperature and salinity of its 

surrounding water. Although this effect can be accounted for and 

counteracted by software, making it virtually unnoticeable to the user, 

it can result in unnecessary wastage of energy to counteract 

buoyancy or gravity. 

Limitations in equipment made it impossible to obtain a quantitative 

numerical value of the noise produced. 

Flatfish’s range and depth cannot yet compete with commercial 

variants. 
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Extrusion 3D-printing was found 
to be a slow, inefficient and 
inaccurate fabrication method

Flatfish needs to expend more 
energy to counteract buoyancy or 
gravity



Future work 
A fully functioning prototype should be created, tested, and refined. 

Physical testing of real-world models should ideally be combined with 

simulations-based analysis to obtain useful information to refine the 

design. 

Alternative fabrication methods should be explored, especially in 

manufacturing Flatfish’s shell. Computer-numerical controlled milling 

is a particularly promising alternative. 

Methods of extending Flatfish’s range and depth, such as using 

custom antennae, should be explored. 

Methods for adjusting Flatfish’s mass to maintain neutral buoyancy in 

changing water conditions, without using complex ballast 

mechanisms, should be explored. 

The usage of computer vision algorithms, such as object 

identification models for use in murky waters, should be explored. 
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A combination of real-world 
models and simulations-based 
analysis should be used to refine 
our design

Alternative fabrication methods 
and ways to maintain neutral 
buoyancy should be explored
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